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ABSTRACT
Polymer-Supported Reagents for Disinfection of Water
by
Sylvester Ojo Ifalade
Dr. Spencer M. Steinberg, Examination Committee Chair 
Professor o f Chemistry 
University o f Nevada, Las Vegas
Dr. David W. Emerson, Examination Committee Co-Chair 
Professor o f Chemistry, Emeritus 
University o f Nevada, Las Vegas
A macroporous poly(styrene-co-divinylbenzene) resin having redox 
N,N-dichlorosulfonamide group, was modified for use in small-scale chlorination o f 
potable water. The resin was synthesized via sulfonyl chloride by modification o f the 
strong acid cation exchange resin, Amberlyst-15. The products obtained after treatment 
contained -S O 2NH2 and -S O 3H groups. The sulfonic acid groups were determined by a 
total ion exchange capacity measurement. The sulfonamide groups were chlorinated 
mainly to the dichlorosulfonamide groups by laundry bleach acidified with acetic acid. 
The concentration o f sulfonamide groups was determined by its chlorine holding 
capacity. The resin was further characterized by photoacoustic infrared spectroscopy. Tap 
water, sparged with air to remove chlorine, was passed through a column containing 
chlorinated resin at a flow rate o f 5.0mL/min. Effluent water from the flow system was 
analyzed for free and combined active Cl. The resin was extracted with dichloromethane 
and examined for total organic carbon and by GC/MS and HPLC.
Ill
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CHAPTER 1
INTRODUCTION
1.1 Safe Drinking Water 
The production o f adequate and safe drinking water is a high priority issue for 
safeguarding the health and well-being o f humans all over the world. Traditionally, 
microbial contamination o f drinking water has been the main concern, but over the 
decades the attention o f the general public and health officials, on the importance o f 
chemical quality and the threat o f chemical pollutants, have increased with the 
increase o f our knowledge on the hazards o f chemical substances. ' Throughout the 
history o f water treatment, chlorine has been synonymous with disinfection. In the 
early part o f  the twentieth century chloramine-T, a chlorine compound was used to 
treat wounds. Chloramine-T was observed to be relatively non-irritating to the 
wounds and was used in situations where ordinary antiseptics proved too irritating or 
deficient in germicidal action.  ^ The mode o f action o f chloramine-T was thought to 
be oxidative process, quickly destroying cell materials or disrupting essential cellular 
process. Chlorination was first used to disinfect water around 1850 and remained the 
only method for over 50 years.  ^Presently, chlorination o f both drinking water supply 
and waste water effluent is an extremely widespread practice for the control o f 
water-borne diseases. Chlorination for the purpose o f disinfection is carried out in 
water treatment plants on a large scale for town, city or municipal water supplies.
1
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The issue o f potable water has remained a problem in developing countries! As a 
result o f this, epidemics from water-borne diseases continue to claim many lives.
1.2 Disinfection
Disinfection refers to selective destruction o f disease-causing organisms in the 
water supply or wastewater effluent to minimize epidemics from water home 
diseases. The term sterilization is applied to the complete destruction o f all 
organisms. Pasteurization is selective destruction o f undesired organisms by heat. The 
basic philosophy in the disinfection o f drinking water, swimming pool water and 
treated sewage effluents is to destroy infectious microorganisms so that water or 
waste cannot transmit disease-producing biological agents. ^
1.3 Methods o f Disinfection 
Methods of disinfection broadly fall into three major categories: physical, 
radiation and chemical.
1.3.1 Physical Methods 
Physical methods o f disinfection include heat (pasteurization) and ultraviolet 
(UV) radiation. Pasteurization o f milk, diary products, and beverages has been used 
for many decades. However, pasteurization is not applicable to large scale water and 
wastewater treatment because o f the high energy cost in heating large volumes of 
liquid. Ultraviolet light is an excellent disinfectant and does not leave any known 
residual chemicals. However, it is not well suited for turbid waters or waters with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
high iron concentrations because o f excessive scattering or absorption o f UV 
radiation.
1.3.2 Gamma Radiation
Gamma rays are emitted from a radioactive source, such as cobalt-60, and are 
effectively used to disinfect or sterilized water, waste water and sludge. The rays have 
high penetrating power. The method is reliable and does not leave additional residual 
chemicals in the effluent. The principal disadvantage of the system is the need for 
hazardous radioactive materials. ^
1.3.3 Chemical Agents
Many types o f chemical disinfectants are used for different applications. These 
include: ( 1 ) oxidizing agents such as halogens (chlorine, bromine and iodine), ozone, 
hydrogen peroxide, potassium permanganate and chlorine compounds such as 
chloroamine-T, chlorine dioxide to mention but a few. Compounds that disinfect but 
are not oxidizing include: (1) Acrolein, (2) Alcohols, (3) Phenols and phenolic 
compounds, (4) Heavy metals, (5) quaternary ammonium compounds, (6 ) soaps and 
detergents, (7) alkalis and acids. These non-oxidizing agents are not generally used 
for disinfection o f water because for example, acrolein is extremely flammable and 
toxic. Chlorinated phenolics, unlike oxidizing biocides, have no effect on respiration 
of microorganisms but do induce growth o f bacteria. Heavy metals, for example 
copper salts should not be used in water that will be applied as drinking water, 
because they are toxic to humans. The use o f quaternary ammonium salts is limited, 
due to their interaction with oil when this is present and the fact that they can cause
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
foaming.  ^Among all these chemicals, oxidizing agents are most commonly used for 
disinfection of water and wastewater and are discussed in more detail below.
1.4 The Use o f Chlorine in Disinfection
Wastewater contains many types o f enteric organisms that are associated with 
various water-borne diseases. Typhoid, cholera, paratyphoid and bacillary dysentery 
are caused by bacteria, and amoebic dysentery is caused by protozoa. Common viral 
diseases include poliomyelitis and infectious hepatitis. It is axiomatic that the residual 
concentration o f any water disinfectant must not be toxic to humans consuming the 
water. In addition, a good disinfectant must (I) be able to remove pathogens, (2) be 
economical, (3) be efficient in reasonable time, (4) remove taste, odor, and color 
causing materials, (5) and above all, leave residual anti-microbial activity to prevent 
re-growth o f bacteria in the distribution system. Available studies have shown that 
chlorine has almost all the characteristics mentioned above. Even when alternative 
methods such as ozone are used, chlorine is still needed to give the water the desired 
protecting residual after disinfection.
Chloroamine-T, a chlorine compound used for disinfection, does not form 
chlorine or hypochlorous acid. Other halogens (iodine and bromine), chlorine 
compounds such as chlorine dioxide (CIO2) and sodium hypochlorite (NaOCl), as 
well as ozone, ultraviolet (UV) treatment and reverse osmosis have also been used for 
water treatment and disinfection. Chlorine has remained the best option in many cases 
because UV treatment and reverse osmosis are expensive to run in the rural areas and 
require the continuous availability o f electricity.
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Iodine kills bacteria and disease-causing organisms but is not effective as an 
algicide. Water treated with iodine is reported to be practically unpalatable because o f 
taste. ’ However, another report indicated that NASA uses I 3 '  released from anion 
resins to treat and recycle water in space program. *
In addition to the fact that other treatment options are expensive, studies have 
shown their inability to maintain residual concentration required to protect the water 
after disinfection.
Chlorine can be a dangerous chemical if  not properly used. The use o f chlorine in 
water treatment is now being questioned because residual chlorine in water may result 
in the formation o f chlorinated hydrocarbons, some o f which are suspected 
carcinogens. Free chlorine is known to be an excellent biocide, with its mechanism o f 
action most probably being disruption o f cell walls and subsequent oxidation o f the 
cells.  ^ However, it is not chlorine per se that disinfects but the product o f  its 
hydrolysis, (hypochlorous acid). (Equation I):
CI2 + H2O X  HOCl + H^ + C r (I)
Hypochlorous acid
HOCl is a weak acid with a pKa=7.53 and so undergoes some dissociation to 
form H^ and OCl (Equation. 2):
HOCl X  H+ + OCl (2)
Hypochlorite ion
Similarly, if  sodium hypochlorite is used, hypochlorous acid and sodium 
hydroxide are formed. (Equation. 3)
NaOCl + H 2O X  HOCl + Na+ + OH (3)
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The relative distribution o f HOCl and OCl’ depends on pH. The graph below 
shows the effect o f pH on the relative distribution o f HOCl and OCl at 20°C.
HOCl
I
»  0.0
Figure 1 Relative Distribution o f HOCl and OCl at 20°C 
(Source: Curtis & Johnson 1997)
The concentrations o f HOCl and OCl are equal at about pH-7.5. At a pH less 
than 7.5 [HOCl] is greater than [OCf], and at a pH greater than 7.5, [OCl ] is greater 
than [HOCl]. In other words,
[H0C1]> [OCl ] at pH< pKa (4)
[HOCl]< [OCl ] at pH> pKa (5)
[HOCl]- [OCf] at pH=pKa (6 )
Hypochlorous acid (HOCl) is said to be about 80 times more effective than OCl 
for disinfection because surface negative charges on the microbial cells repel the OCl 
hence the HOCl has more oxidizing power.  ^ To achieve good disinfection o f water 
with chlorine, control o f pH is o f critical importance because chlorine has relatively 
little biocidal activity in waters o f pH exceeding 8.5. Most potable waters, when
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chlorinated, have pH levels where chlorine exists as a mixture o f HOCl and O C l. In 
water, HOCl and OCl are defined as free available chlorine (FAC). The reactions o f 
chlorine with ammonia and nitrogen containing compounds are o f great importance in 
water disinfection. Such nitrogen-containing substances react with HOCl to form 
chloramines known as N-chlorocompounds - monochloramines, dichloramines, 
trichloramines, etc. Such additional products retain some o f the disinfecting power o f 
HOCl, but are much less effective at a given level. Thus, N-chlorocompounds or 
chlorine-organic nitrogen compounds are defined as combined available chlorine 
(CAC).
1.5 Small-scale Disinfection o f Water 
Large scale disinfection o f water is the method used in water treatment plants for 
town, city or municipal supply. Because the technology is expensive, most 
developing nations cannot afford the financial burden associated with the cost o f 
disinfection and equipment maintenance.
For small scale disinfection o f water, one approach has been to prepare insoluble 
polymers that can store and release active chlorine, or other halogens to the 
surrounding medium.
In view o f the above, ion-exchange resins which have, for a long time, been used 
for mostly water softening processes, readily come to mind. ^ Different methods have 
been used to prepare and chlorinate resins for purpose o f water treatment on a small 
scale.
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1.6 Ion Exchange and Ion-Exchange Resin
One o f the application possibilities o f reactive polymers (among them ion- 
exchangers) is using them as disinfecting agents. The bactericidal properties o f well 
known micromolecular disinfectants chloroamine-T and dichloroamine-T inspired the 
introduction o f —SOaNClNa and —SO2NCI2 groupings into high molecular weight 
matrices with a view to producing chemically and biologically active polymers. 
Ion-exchange is a process in which undesirable anions and cations from wastewater 
are removed by bringing the wastewater in contact with an insoluble exchange 
material like a resin that exchanges the ions in the wastewater with a set o f  substitute 
ions.  ^The most widespread use o f this process is in domestic water softening, where 
sodium ions from a cation-exchange resin replace the calcium and magnesium in the 
treated water, thus reducing hardness.
Ion-exchange processes can he operated in a batch (static) or continuous (flow 
system) mode. In a hatch process, the resin is stirred with water to be treated in a 
reactor until the reaction is complete. The spent resin is removed by settling and 
subsequently is regenerated and reused. In a continuous process, the exchange 
material is placed in a bed or a packed column, and the water to be treated is passed 
through it. Continuous ion exchangers are usually o f down flow packed-bed column 
type. They can also be o f up-flow design. Waste water or contaminated water enters 
the top or bottom o f the column under pressure, passes downward or upward through 
the resin bed, and is removed at the bottom or top. When the resin capacity is 
exhausted, the column is hackwashed to remove trapped solids and then 
regenerated.
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1.6.1 Types o f Ion-Exchange Resins 
Five types o f synthetic ion-exchange resins are in use: (1) strong acid cation, (2) 
weak acid cation, (3) strong-base anion, (4) weak base anion, and (5) heavy-metal 
selective chelating resins. The resins that were used in this research are the type 
manufactured by a process in which styrene and divinylhenzene are copolymerized 
under conditions that produced resins with large pores (macroporous) and a high 
surface area. Styrene serves as the basic matrix o f the resin, and divinylhenzene is 
used to cross-link the polymers to produce an insoluble, resistant to microbial and 
chemical degradation type o f resin. The properties of these resins are summarized 
below (Table 1 ).
Table 1 Classification o f Ion Exchange Resins
Type o f resin Characteristics
Strong-acid cation resins
Strong-acid resins behave in a manner similar to a 
strong acid, and are highly ionized in both the acid 
(P-SO 3H) and (P-SOsNa) form, over the entire pH 
range
Weak-acid cation resins
Weak-acid cation exchangers have a weak-acid 
functional group (COOH), typically a carboxylic 
group. These resins behave like weak organic 
acids that are weakly dissociated
Strong-base anion resins
Strong-base resins are highly ionized, having 
quaternary ammonium cation and hydroxide anion 
(OH). This type o f resin can he used over the 
entire pH range. They are used in the hydroxide 
(OH) form for water deionization
Weak-base anion resins
Weak-base resins have weak-base functional 
groups in which the degree o f ionization is 
dependent on pH
Heavy-metal selective 
chelating resins
Chelating resins behave like weak-acid cation 
resins but exhibit a high degree o f selectivity for 
heavy metal cations. The functional group in most 
of these resins is EDTA, and the resin structure in 
the sodium form is P~EDTA—Na
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1.6.2 Typical Ion-Exchange Reactions 
Typical ion-exchange reactions for synthetic ion-exchange materials are given 
below:
Strong-acid cation exchange:
P-SOsH + N a^ X P -S O sN a + H ^  (7)
2 P-SOaNa + Ca^+ X  (P~S0 3 )2Ca + 2Na+ (8 )
Weak-acid cation exchange:
P-COOH + Na+ X  P~COONa + H+ (9)
2P~COONa + Ca^+ X  (P~C0 0 )2Ca + 2Na" (10)
Strong-base anion exchange:
P-R3N+0H + cr X  P-R3N+CI' + 0H (11)
Weak-base anion exchange:
P-RNHjOH + C l\_ >  P-RNHjCl + OIT ( 1 2 )
2P-RNH3CI'+s o / ' ( p~rnh3)2So/ ' +2cr ( 3^)
1.7 Purpose o f Research 
This research examines how modified ion exchange resin can be used for small 
scale chlorination o f potable water so that individuals can treat their water in their 
homes. Cheap and readily available materials such as laundry bleach and vinegar are
10
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the required reagents for the reactivation o f the resin. This will he beneficial to 
developing countries and places where available potable water is a problem. This will 
help minimize deaths fi-om water-home diseases.
11
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CHAPTER 2
EXPERIMENTAL
2.1 Introduction
Various methods have been used in the preparation o f the resins used for 
small scale disinfection o f water. As a result o f the proprietary nature o f  these 
resins, the actual chemical compositions are not widely known in detail. 
Macroporous poly(styrene-co-divinylbenzene) resins having N,N
dichlorosulfonamide groups have been prepared via sulfonyl chloride hy chemical 
modification o f commercially available sulfonated cation-exchange resins. 
Various workers have performed extensive studies on a class o f biocidal polymers 
that can he termed halogenated poly(styrene-divinylhenzene) sulfonamides with 
cross linking. (Figure 2)
0 = S  = 0
X = H, Cl, Br 
R = H, Na, Cl, alkyl
Figure 2 Structure o f poly(styrene-divinylbenzene) sulfonamide
12
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Specifically, Amberlyst-15 (H^) [39389-20-3] has been used to prepare 
Amberlyst-15 sulfonyl chloride by converting the sulfonic acid groups to sulfonyl 
chloride groups and washing with methylene chloride/tetrahydrofuran (THF) and 
THF alone. Amherlyst is a registered trademark o f the Rohm and Haas Chemical 
Company. Dowex-50-WX-8 (H^) [69011-20-7] has also been used; and recently, 
monosphere Dowex- 8 8  (Na^) [69011-22-9]. Dowex is a registered trademark o f Dow 
Chemical Company. Sulfonated cation-exchange resins Wofatit KS-10 (I) produced 
by VEB ChemieKombinat Bitterfeld, in the former German Democratic Republic, 
have been similarly converted to sulfonyl chloride using phosphorus pentachloride 
and washing with carhon tetrachloride. A recent paper reported that poly(styrene- 
co-divinylhenzene) was fimctionalized with imidazoline-2 ,4-dione (hydantoin) to 
form polystyrene-hydantoin compound,
poly[5-methyl-5-(4’-vinylphenyl)]imidazoline-2,4-dione. (Figure 3)
X 'N
V
X = H, Cl, Br; Y = H, Cl, Br
Figure 3 Polystyrene hydantoin compound
13
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Water soluble monomers e.g. trichloroisocyanurates and 5,5-dimethylhydantoin 
have been employed for many years as biocides, particularly in swimming pools and 
spas. (Figure 4)
X
Cl—N N-CI HgCn N -X
Cl X = H, Cl, and/or Br
Trichloroisocyanurates 5,5-dimethylhydantoin
Figure 4 Structures o f Trichloroisocyanurates and 5,5-dimethylhydantoin
The polymeric molecule (poly[5-methyl-5-(4’-vinylphenyl)]imidazoline-2,4- 
dione) is synthesized in high yield in three steps. First, a Friedel-Crafts acylation is 
performed on commercial polystyrene using acetyl chloride in the presence o f AICI3 
to form poly(4-vinylacetophenone). Then, the reaction with KCN and ammonium 
carbonate at elevated temperatures and pressure forms the hydantoin ring. Finally, 
exposure to aqueous free halogen (chlorine or bromine) in a reaction flask or in a 
packed column produces N-halogenated polystyrene hydantoin.
One distinct advantage possessed by the halogenated polymeric sulfanomide 
resins is that they can easily he regenerated following loss o f biocidal efficacy by 
exposure to aqueous free halogen. It has heen determined that 2500 bed volumes 
could be treated before this was necessary; however, a small amount o f 
decomposition (loss o f nitrogen) does occur upon each regeneration cycle.
14
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2.2 General Nature o f Materials Used for this Project 
The materials used in this project are multifunctional polymers that are generally 
in the form o f small beads, insoluble in water and organic solvents. Amberlyst-15 
beads (A15 H^) are 300 to 1000 microns in diameter and monosphere Dowex- 8 8  
(D8 8  H^) are 500 to 600 microns.
2.3 Drying to Constant Weight 
Quantitative measurements required that some weight basis for the amount o f 
some functional group exists. Vacuum drying o f the polymers (referred to as “resins”) 
to constant weight was carried out. This was done in a vacuum oven at room 
temperature or slightly above.
2.4 Reagents
Macroporous Amberlyst-15 (H^) Ion Exchange Resin [39389-20-3] (Aldrich 
Chemical Company Inc.), Dowex Monosphere 8 8  (Na^) Exchange Resin (Na^) 
[69011-22-9] (Supelco Inc.), phosphorus oxychloride POCI3 99% [10025-87-3] 
(Aldrich Chemical Company Inc.), phosphorus pentachloride PCI5 95% [10026-13-8] 
(Aldrich Chemical Company Inc.), sodium sulfate (Na2 S0 4 ) GR anhydrous granular 
[7757-82-6] (Merck), hydrochloric acid (HCl) Reagent grade ACS [7647-01-0] 
(VWR international), acetic acid (CH3COOH) (Baker chemical Co.), sodium acetate 
(CH3COONa), hydrazine hydrate solution (N2H4) [7803-57-8] 99.9% (Alfa Aesar), 
potassium iodide (KI) GR granular ACS [7681-11-0] (Merck), potassium persulfate
15
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(KaSaOg) (MC/B) crystals reagent, household bleach were used as received in 
addition to De-ionized (DI) Water in the laboratory.
2.5. Characterization o f the Resin 
2.5.1. Photoacoustic Infrared Spectroscopy 
Functional groups present in the resin beads were identified by the use o f  Fourier 
Transform Infrared (FTIR) spectra. Infrared spectra were obtained using the Digilah 
FTIR-PAS 7000 Spectrometer equipped with an MTEC 300 photoacoustic detector. 
The sulfonamide resin sample was thoroughly dried in the vacuum oven. The resin 
was ground to a powder for greater sensitivity. The spectrum for each type o f resin 
heads was obtained using an average o f 64 scans.
2.5.2 Soxhlet Extraction 
A Soxhlet apparatus was used for solid-liquid extraction. The solid to be extracted 
was placed in the container with a fritted glass filter. About 2 g o f dry sample A15 
(0 , 1 ) Na^ taken from the vacuum oven was placed in the porous bottom container and 
extraction was done with dichloromethane as solvent. The sample was extracted for 
about 10-12 hours and the extract was analyzed by GC/MS.
2.6 Characterization o f the Water Samples 
One o f the goals o f this project is to find out i f  water treated with chlorinated resin 
is safe for consumption. In order to see what components are released into treated 
water, various apparatus/instruments were used as described below.
16
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2.6.1 Collection o f Water Samples for Analysis 
Tap water was collected in containers and sparged with air to remove any traces 
o f chlorine. Before using this as feed water, it was tested for active chlorine by adding 
5mL o f DPD indicator and 5mL phosphate buffer. A colorless solution with the two 
reagents shows that chlorine is absent.
2.7 The Flow System 
Batches o f the chlorinated Amberlyst-15 being tested were placed in a 
chromatographic columns o f 22 mm i.d. x 310 mm glass tube (118 cm^) resting on a 
foundation o f glass wool and 3- and 4-mm glass beads. These columns served as 
reactor. A thermometer was placed in the resin bed and feed water was pumped from 
a reservoir upward (up-flow) through the resin bed by a peristaltic pump (Cole- 
Parmer Masterflex Model 7014 20) connected to a variable-speed motor with a timer 
switch. The output line from the pump was fitted with a “T” connected to a piece o f 
rubber tubing clamped at the open end. When held vertically, the side tube trapped 
any gas bubbles accompanying the feed. The materials in the pump train were glass, 
Tygon tubing, and silicon rubber tubing in the peristaltic pump. (Diagram 1)
2.8 Ultraviolet Visible Spectroscopy (UVWIS)
The wavelength monitored for the UV/VIS absorbed was 220-400nm using a 
Varian Techtron DMS 300 spectrometer (Varian Techtron Pty. Limited Austalia). This 
had a double beam spectrophotometer that provides the system with a good signal 
resolution.
17
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Efïluent Out
Column
Gas Trapper
Peristaltic Feed Pump Reservior
Diagram 1 Flow System
2.9 Liquid-liquid Extraction 
Effluent from the flow system was extracted by dichloromethane in a liquid-liquid 
extraction apparatus and also examined by GC/MS, HPLC and organic carbon 
analyzer.
The water samples to be extracted were first made acidic (pH ~ 5) by phosphoric 
acid. The solvent and the water which are immiscible flowed in opposite directions. 
The denser solvent dichloromethane flowed downward while the water sample 
flowed upward.
2.10 Gas Chromatography Mass Spectroscopy (GC/MS)
Water samples, that is, the effluent from chlorinated resin in the flow system were 
analyzed by Varian Saturn III GC/MS system. The gas column was fitted with a DB- 
5 capillary column (30m x 0.25mm), and programmed from 40°C to 280°C at
18
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10°C/min. The injector temperature was set at 280°C and the carrier gas was helium. 
Three water samples were run and the compounds identified were based on the 
comparison with standard materials and the National Institute o f Standards and 
Technology (NIST) 2002 spectral library.
2.11 Organic Carbon Analysis 
Organic carbon was measured using a Dohrmann DC 80 Carbon Analyzer to find 
the total organic carbon in the samples. The total organic carbon was determined by 
the wet method. Carbon from carbonate and bicarbonate was removed from samples 
by first acidifying them with phosphoric acid to a pH o f about between 2 to 3, as 
determined by indicating paper, and gas purged through them for 5 to 6  minutes using 
the external sparging device provided with the DC-80. Then nitrogen gas was 
bubbled through the samples from the DC-80 to remove carbon dioxide from 
solution. The sample was then analyzed. The carbon dioxide formed by the oxidation 
o f organic carbon in the sample with UV activated potassium persulfate (KiSiOg) was 
then analyzed. The equipment was calibrated with an operating range, ppm 10-800 
using a single point calibration at 400ppm (as prescribed by manufacturer).
200 pL±2pL o f sample were injected for analysis.
2.12 High Performance Liquid Chromatography (HPLC)
The effluent from the flow system was further characterized using HPLC and 
acetonitrile as solvent. Run time for each sample was about 35 minutes.
19
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2.13. Nomenclature o f Functionalized Resin 
The word “Haloscrub” has been coined as a generic name for the type o f  materials 
used. The code letter A or D follows Haloscrub to indicate whether the starting 
material was macroporous Amberlyst-15 or monosphere Dowex-8 8 . Two numbers 
follow “A” and “D”, the first indicating the number o f carbon atoms in the amine 
used to make the polymer and the second indicating the number o f nitrogen atoms in 
the amine. An abbreviated version o f this nomenclature names haloscrub-Al 5-0,1 as: 
A15-0,l.
Thus, a resin prepared from Amberlyst-15 having the primary sulfonamide 
(—SO2 NH2) groups and sulfonic acid (—SO3H) groups would be 
Haloscrub-Al 5-0,1 (H^). Haloscrub-Al 5-0,1 (Na^) means that the resin contains the 
sodium sulfonate (—S0 3 Na) groups. The table below shows some o f examples o f the 
resins that have been prepared from Amberlyst-15.
Table 2 Nomenclature o f Resin
Name Reagent
1 Haloscrub-Al 5-0,1 NH3
2 Haloscrub-Al 5-1,1 CH3NH2
3 Haloscrub-A 15-2,1 CH3CH2NH2
4 Haloscrub-Al 5-2,2 H2N(CH2)2NH 2
5 Haloscrub-Al 5-3,2 H2N(CH2)3NH2
6 Haloscrub-Al 5-6,2 H2N(CH2)ôNH2
20
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2.14 Procedures
Before the resins are chlorinated for use, they are first functionally modified 
converting sulfonic acid functional groups to sulfonamide groups. There are two ways 
o f doing this: small batch method and large hatch method.
2.14.1 Small Batch Method 
A newly developed “green” procedure was used to convert the Amberlyst-15 or 
Dowex- 8 8  to the sulfonyl chloride form. In the previous method, PCI5 in POCI3 
was used in the resin conversion followed by washing with carbon tetrachloride or 
methylene chloride/THF. All o f the solvents and reagents are serious environmental 
pollutants. The procedure was modified as follows: the resin was washed each 
time with de-ionized (DI) water instead of the solvents previously used. The products 
obtained in this method were POCI3 (which can be distilled and recycled) and 
hydrogen chloride (which is produced when the resin is in the form). Sodium 
chloride is formed when the resin is in the Na^ form. This modification is explained 
in more detail below.
To about 2.50g o f thoroughly dried Amberlyst-15 sodium salt resin with CAS 
Reg. No. [39389-3] in a side arm test tube, about 4.50g o f phosphorus pentachloride 
(P C I5)  Reg. No.[10026-13-8] (Aldrich) was added to the resin followed by about 
4.50mL o f phosphorus oxychloride (P O C I3)  Reg. No.[1025-87-3] 99% (Aldrich) in a 
fume hood! (Diagram 2)
The water in the suction flask was heated to boiling and the reactor i.e. the side 
arm tube, was placed in the large test tube and positioned as shown below. This 
arrangement prevents bumping o f the P O C I3 solvent yet provides a high enough
21
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temperature to nearly boil the solvent. The basic alumina in the stopper fluidizes 
when gas bubbles pass through it. The rubber pipette bulb is a safety device against 
sudden pressure build up. It is for similar reason that a suction flask is used. The gas 
evolved may be HCl or simply air depending on what form o f resin is being modified.
P a s t e u r  p i p e t t e  
B a s i c  a l u m i n a
K i m a x  s i d e - a r m  t e A  t u b e  2 0  x  1 4 5  m m  
L a r g e  t e s t  t u  b e  2 5  x l S G  m m
2 5 0  m l  s u c t i o n  f l a s k  
W a t e r
R u b b e r  p i p e t t e  b u l b  
R e s i n  +  P C I 5  +  P O C I 3
H o t p l a t e
Diagram 2 Apparatus for modifying resins
The reaction mixture was heated for about 2 hours during which time HCl gas 
was evolved, or the sodium chloride is precipitated and all o f the P C I5 on the bottom 
had reacted. When all gas evolution had ceased, the reaction below is presumed to 
have occurred. For the acid form o f the resin, the reaction is shown below 
(Equation 14)
POCI3
+ PCI5 + HCl + POCI3
O2S-CI
Amberlyst-15 sulfonyl chloride (14)
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And for the salt form, no HCl gas is evolved and the gas bubbles seen as the 
alumina fluidizes is air. (Equation 15)
POCI3
+ PCI5
SOaNa
+ NaCI + POCI3
O2S-CI
Amberlyst-15 sulfonyl chloride
The reaction mixture was allowed to stand overnight. The 2.50g o f Amberlyst-15 
resin and PCI5/POCI3 mixture was filtered using a water aspirator so as to dissolve the 
acid fumes. The filtrate was put into an appropriate dry bottle for future recycling. 
(Caution: Both PCI5 and POCI3 react very violently with water!)
The resin was emptied into a conical flask containing ice acidified with dilute 
HCl. This was filtered again into an Erlenmeyer flask and about 10-15mL o f 14.8M 
concentrated N H 3 (aq) (mass %=28) was added to the ice water and the resin 
transferred onto it. The function o f the ice was to slow the hydrolysis reaction by 
lowering the temperature.
P -SO 2 CI + 2 N H 3  (aq) P-SO 2NH2 + NH4 CI (16)
Hydrolysis o f sulfonyl chloride (P-SO 2CI) results in formation o f sulfonic acid 
groups. Some o f the original sulfonic acid groups may also have not been converted 
to sulfonyl chloride.
P-SO 2CI + H2 O ^  P-SO 3H + HCl (17)
In addition, any remaining P O C I3 on the resin is hydrolyzed to phosphoric acid 
(H 3P O 4)  a non-toxic acid and dilute hydrochloric acid (H C l)  which is also harmless.
P O C I3 +  3 H 2O  H 3P O 4 +  3H C 1 ( 1 8 )
23
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The resin now in the sulfonamide (—NH2) form was washed thoroughly with 
ahout 1 liter o f DI water and then treated with IN  HCl (prepared by adding 10 mL 
concentrated HCl to 90mL o f DI water i.e. ratio 1: 9) and slowly passing it through 
the resin in an ion exchange apparatus. This treatment was to convert any residual 
sulfonic acid groups to the H^ form o f the resin. The product was washed with DI 
water and dried at reduced pressure to constant weight. The major product is 
A15-0,1.
2.14.2 Large Batch Modification 
About 30g o f dry Amberlyst-15 resin in the Na^ form taken from the vacuum 
oven was weighed and placed in a 3-neck round-bottomed flask. The central neck was 
fitted to a condenser. A hemispherical heating mantle with a controller was used.
About 40mL of P O C I3 was added and a magnetic stirrer dropped into the flask. 
About 48.Og o f P C I5 was added to the boiling mixture (resin + P O C I3)  in small 
increments because the reaction is very exothermic (fume hood!). The temperature 
was adjusted with the controller and the mixture was allowed to boil for about an 
hour with continuous stirring.
The resin was filtered off using water suction and the filtrate collected in a dry 
Erlenmeyer flask (Note: Flask must be dry!). The filtrate thus collected was POCI3 . 
After filtering, the resin was chilled in the refrigerator in a well closed Erlenmeyer 
flask. Small portions o f the resin were added to a mixture o f ice and water with 
stirring. After all o f the resin was added, it was filtered quickly. The functionally 
modified resin, now Amberlyst-15 sulfonyl chloride, was transferred into a beaker 
containing ice and then about 40mL o f concentrated ammonia solution (14.8M) was
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added lOmL at a time while swirling. The flask was covered with a stopper and 
allowed to stand for 2 hours. The resin was filtered off (when the smell o f  ammonia 
was no longer strong) and the ammonia and ammonium chloride solution discarded. 
The resin, now in the sulfonamide form, was thoroughly washed with DI water. Any 
residual sulfonic acid groups were converted to the form by rinsing resin 
(A15-0, 1) with IN HCl (lOOmL concentrated acid in 1 liter o f DI water). This was 
washed with DI water and dried to constant weight in the oven.
2.15 Conversion o f H^ Form of the Resin to Na^ or Cs^ Forms 
Conversion o f the H^ form o f the resin to the Na^ form was done by using all the 
30g o f the prepared A 15-0,1 (H^) resin. The resin was packed in an ion-exchange 
apparatus and eluted slowly with a 4% solution (40g Na2 S0 4  in 1 liter o f DI water) o f 
anhydrous, granular sodium sulfate. The effluent was collected in a 1 liter 
volumetric flask to exactly to the 1 liter mark. (If the effluent does not reach the 1 
liter mark, it was made up with DI water). The resin now in Na"^  form was rinsed with 
DI water. The resin was further eluted with about 30.0mL o f methanol to speed the 
drying process and then allowed to dry at room temperature overnight before drying 
in the vacuum oven temperature to constant weight.
Sodium hydroxide (0.0964N) solution was titrated against aliquots o f 50mL taken 
from the effluent solution using phenolphthalein indicator. The reaction for the 
procedure is shown in Equation. (23 -  26) below:
Pol-SOsH + Na^ X  Pol-SOsNa + H^ (19)
Na^ + Pol-SOsH + S0 4  ^ X  P0 I-SO 3 + HSO4  + Na+ (20)
25
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HSOT + O H '^  s o / -  + H2O (21)
Overall reaction for the procedure is:
NaHS0 4  + NaOH NaiS0 4  + H2 O (22)
To determine the total exchange capacity o f the sulfonated resin hy weight gain 
method, the Cs^ form was made. To convert to the Cs"^  form, a solution o f cesium 
carbonate was added to about 0.30g o f dry ion exchange resin in the form and 
allowed to stand overnight. The excess CS2C O 3 solution was filtered off the resin, 
which was washed with DI water and allowed to stand overnight and then put in the 
oven to dry to constant weight.
2 P0 I-S O 3H + CS2CO3 ^  2 P0 I-S O 3CS + H2 O + CO2 (23)
2.16 Determination o f the Total Exchange Capacity o f Resin 
Before drying the modified A15-0,l ion-exchange resin, it was first analyzed in 
the wet form to determine the strong acid exchange capacity. About 15.0 g o f the 
resin was converted to the Na"^  form in the usual manner. The exchange capacity o f 
the resin was calculated using the relationship below:
Exchange Capacity =
mL NaOH x meg x lOOOmL x _______ 1________
mL. mL of aliquot dry weight o f resin (24)
2.16.1 Weigh Gain Method 
The total exchange capacity can also be measured using the weight gain method. 
This was done by converting about 0.3g o f A15-0,1 (H^) to Cs^ form as described 
above (Section 2.15).
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The increase in weight after cesium (Cs^) ion exchange can be used to estimate 
residual cation-exchange capacity o f the resin in g*meq'' as stated below:
Weight o f resin in the form = b gram
Weight o f resin in the Cs^ form = a gram
Weight gain = {a-b) gram
Weight o f Cs^ = 0.133g*meq''
Weight o f = 0.001g*meq'^
Exchange capacity o f resin in the Cs^ form (meq/g)
= Weight gain (g) x _______ 1______
(W to fC s^ -W to fH ^ ) Wt o f dry resin in 
g/meq form (g)
2.17 Chlorination o f a Small Batch of Resin 
To about 0.30g of sulfonated resin in a 50mL Erlenmeyer flask, 16mL of 
household bleach (sodium hypochlorite) pH~11.4 was added acidified with 0.8mL 
acetic acid and covered lightly with a stopper. The pH o f the bleach/acetic acid 
mixture was 5.6 where the HOCl form is about 95% (See Figure 1). This was allowed 
to stand overnight. The resin could be “monochlorinated” or “dichlorinated”. For 
monochlorination, only the laundry bleach sodium hypochlorite (NaOCl), pH~8.0 is 
used.
NaOCl +H2O ^  HOCl + NaOH (25)
P-SO 2NH2 + HOCl P-SO 2NHCI + H 2O (26)
For dichlorination, the bleach is acidified with acetic acid to insure that there is 
more HOCl in water than O C l. The reactions are:
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NaOCl + CH3COOH ^  HOCl + CH3C0 0 Na (27)
P-SO 2NH2 + 2H0C1 P-SO 2NCI2 + 2 H2O (28)
It should be noted that although majority o f the active sites may be protonated 
(R—NHs^), electrophilic attack occurs on the unprotonated R—NH2 .
2.18 Calculation o f Chlorine Holding Capacity, Hydrazine Method 
About 0.25 g sample o f chlorinated sulfonamide resin, weighed to the nearest 
0.01 mg was placed in a 25 mL suction flask. 5.0 mL of HOAc/NaOAc buffer was 
added. The flask was fitted with an injection septum at the top and the side arm was 
connected to a gas collecting apparatus (Diagram 2).
I
Gas Collector
Reactor
Diagram 3 Instrument for hydrazine analysis
About 2.0 mL sample o f hydrazine monohydrate was injected. The exothermic 
reaction between Cl^ (active chlorine) and hydrazine produces nitrogen gas.
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That is, the two half reactions are:
Resin hydrolysis:
(A) Make free HOCl from dissolution o f hound resin:
P-SO 2NCI2 + 2 H2 O ^  P-SO 2NH 2 + 2H0C1 (29)
(B) Reduce HOCl with electrons:
2H^ + 4e' + 2 H O C l^  2C1' + 2HzO (30)
(C) Oxidize hydrazine to make N2 plus electrons
N 2H4 ^  N 2 + 4H^+4e (31)
Overall reaction is (29) + (30) + (31):
P -SO 2NCI2 + N2H4  P -SO 2NH2 + 2 H+ + 2 C r + N2 1 (32)
This reaction ceased within a few minutes. The volume o f hydrazine injected was
subtracted from the recorded volume and the vapor pressure o f water was subtracted
from the atmospheric pressure. The volume o f gas produced was corrected to STP
and the moles o f nitrogen gas produced were calculated as stated below. ' '
Laboratory temperature = A°C (A+273) K
Pressure = B Torr
Vapor pressure o f water @ A°C = C Torr
Initial burette reading = D mL
Final burette reading = E mL
Volume o f hydrazine = 2.00 mL
Volume o f nitrogen (N2) gas produced = D - (E+2)*
(* Burette is read downwards from OmL to 50mL)
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Chlorine holding capacity o f resin =
mL N 2 X (Patin-PH?r>') X 273 x 2mmol - NCI x 1 x  1_
760 A+273 Immol N2 22.4mL.mmor' wt o f dry resin
(33)
If  a primary dichlorinated sulfonamide is used, the amount o f functional group is: 
mole active Cl divided by 2.
2.19 Regeneration o f Resin after Use 
The resins can be regenerated after use by soaking again with laundry bleach 
acidified with acetic acid thus:
NaOCl + CH3COOH HOCl + CH3C0 0 Na (34)
P-SO 2NH2 + 2H0C1 ^  P-SO 2NCI2 + 2 H2 O (35)
2.19.1 Regeneration o f Resin from the Flow System 
The 30 g o f the sample o f sulfonamide resin in the flow system was regenerated 
each time it lost its chlorine content. A solution o f 20.0 mL o f ultra laundry bleach 
(6 % sodium hypochlorite) and 1 mL of glacial acetic acid was fed into the column 
from the top (downward flow). This was allowed to stand overnight. About 1 liter o f 
DI water was used to rinse the residual bleach from the column. The resin, now 
regenerated, can he reused. A series o f runs were carried out to determine how many 
times the resin could be regenerated before it is considered exhausted.
2.20 Total Available Chlorine and Combined Active Chlorine in the Effluent 
The water was allowed to flow upward at the rate o f 5mL/min. Each run took 
about 10 hours to collect about 3 liters o f treated water. The temperature o f the
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
column during flow was taken from the inserted thermometer and the pH o f each 
water sample was measured using the pH meter after each run. The active chlorine 
content values were obtained by titration. A graduated lO.OmL burette was filled with 
0.00282 M ferrous ammonium sulfate (FAS) and titrated against each water sample to 
which had been added a mixture o f 5mL DPD indicator and 5mL of phosphate buffer. 
The water turns pink as a result o f the presence o f chlorine with a DPD indicator. The 
titration is from pink to colorless as chlorine is consumed.
2Fe^+ + HOCl ^  2Fe^+ + CF + OH (36)
The volume o f FAS obtained was the free available chlorine (FAC) in the sample 
in mg/L. To determine the amount o f combined active chlorine (CAC), Ig  o f 
potassium iodide was added to the previously titrated sample and the colorless titrant 
again turned pink if  combined active chlorine (chloramines -  monochloramine, 
dichloramine, trichloramine) was present. The pink solution was titrated again with 
the FAS until it became colorless. The total active chlorine (TAC) was calculated 
using the relationship below:
TAC = Volume o f effluent (L) x (FAC+CACf mgCb x Q
L '  CI2
2.21 Density Measurements 
This was determined by carefully weighing about 20.0g o f the dry resin in the H^ 
and Na^ forms taken from the oven into a 50 mL graduated cylinder. Each resin form 
was made to settle in the graduated cylinder by gently tapping the base o f cylinder on 
the work bench. Each resin type was hydrated by soaking in DI water until it was
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saturated, and then weighed with the cylinder. The density was thus calculated which
also permits the computation o f the degree o f swelling (Equation 34)
 Weight o f sample = p
Volume o f water in pore space (37)
The amount o f water needed to reach the top o f the resin bed was weighed, and 
the volume o f the pores plus the volume of the interstices between the beads was 
calculated.
32
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
RESULTS AND DISCUSSION
3.1 Density o f Resin
The results below show the densities obtained for about 20.0 grams each o f oven- 
dried modified acid form of Amberlyst-15, A15 (H^), haloscrub A15-0,l (H^) and the 
salt form haloscrub A15-0,1 (Na^) (Table 2.)
Table 3 Density Calculations
Type o f resin A 1 5  (H+) A 1 5  -0 ,1  (H+) A 1 5 -0 ,1  ( N a l
Weight o f measuring 
cylinder (gram) 7 2 .0 7 2 .0 7 2 .0
Weight o f dry resin 
(gram) 2 0 .0 2 0 .0 2 0 .0
Weight o f measuring 
cylinder 
+ dry resin (g)
9 2 .0 9 2 .0 9 2 .0
Vol., mL, dry resin 
Bulk density (g/mL)
3 0 .0  
Pdrv 0 .6 6 7
3 3 .0  
Pdrv -  0 .6 0 6
3 2 .5  
Pdrv = 0 .6 1 5
Vol., mL, wet resin 
Bulk density (g/mL)
4 7 .5  
Pwet — 0 .4 2 1
4 4 .0  
Pwet = 0 .4 5 5
4 2 .0  
Pwet = 0 .4 7 6
Cylinder 
+ hydrated resin(g) 123 1 2 2 121
Density o f hydrated 
resin® 1 .0 7 1 .1 4 1 .1 7
 ^Density o f hydrated resin = Mass o f hvdrated resin
Volume o f hydrated resin
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The minimum weight o f water needed to soak the resins were about 31 .Og, 30.0g 
and 29g and the bulk densities were 0.421, 0.455 and 0.476 for A15 (H^), A15 (0,1) 
and A15-0,l (Na^) respectively.
3.2 Exchange Capacity and Chlorine Holding Capacity Measurements.
The acid holding capacity measurements for the modified resin was between 
1.02meq/g and 1.35meq/g o f dry resin. A maximum of 5.45 mmolCWg o f dry resin 
was obtained as the chlorine holding capacity for modified A15-0,1 (H^) as compared 
to 3.51 mmolCWg of dry resin for Dowex- 8 8  [D88-0,l (H^)]. This means that A15- 
0,1 with a better chlorine holding capacity would therefore be better than D88-0,l for 
use in water treatment.
3.3 Photoacoustic Infrared Spectroscopy Results 
Photoacoustic infrared spectrum for the A15 (H ) contained prominent hands 
(peaks) at 3464 and 1196cm '\ The hand at 1196 is characteristic o f the sulfonic acid 
group while the band at 3464 is characteristic o f the -O H  group in the sulfonic acid. 
Four prominent peaks at 3373, 3276, 1331 and 1161 and are observed in the A15-0,1 
(H^) spectrum. The 3373 and 3276 are due to the -N H 2 in the sulfonamide [-SO 2 
(NH2 )] while the peaks 1331 and 1161 are the contributions o f -S O 2 in the 
sulfonamide [(-SO 2) NH2]. All the spectra have peaks at about 2930cm'' 
characteristic o f aliphatic carbon-hydrogen (C -  H) bond stretching (Figures 5, 6 , 7, 
and 8 ).
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1195.863
- S O 3H
3464.145
-O H 1599.362
2924.638
2300 
Wavenumber (cm"')
1800 13003800 3300 2800 800
Figure 5 Photoacoustic Infrared Spectrum for A15 (H^)
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-SÜ2(NH2)
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(X)
i
I
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(-S Ü 2 )NH2'
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-UWavenumber (cm' )
1161.145 (-S O 2 )
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Figure 6 Photoacoustic Infrared Spectrum for A 15-0,1 (H^)
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Figure 7 Photoacoustic Infrared spectrum for A15 (Na^)
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Figure 8 Photoaeoustic Infrared Spectrum for A 15-0,1 (Na^)
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Figure 9 Photoacoustic Infrared Spectrum for A15 (Cs^)
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Figure 10 Photoaeoustic Infrared Spectrum for A15-0,1 (Cs^)
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3.4 Ultraviolet Visible Spectroscopy (UVA^IS)
The treated water samples collected from the flow system had no UV spectra. 
This meant that the water does not contain any UV absorbing substances at UV- 
detectable concentrations.
3.5 Solvent Extraction 
The solvent used was dichloromethane in a Soxhlet extractor. The peaks in the 
spectrum showed that the following substances were present in trace amounts in the 
treated water: silicone oil, benzophenone, alkylbenzene and hydrocarbons similar to 
lubricating oils. It is not clear how these compounds came about hut, probably the 
resin may have picked up these substances during the manufacturing process or in the 
laboratory during conversion. The hydrocarbons may have come from the 
compressed air sparged into the feed water. However, this can he eliminated with an 
oil trap. This is explained in more detail in the GC/MS spectra analyses. (See Sections
3.6.2 and 3.7)
3.6 GC-MS Analysis o f the Extract from A15-0,l (Na^) Resin
3.6.1 Preparation o f Water samples for GC/MS Analysis 
The extract from the resin and the effluent from the flow system were 
concentrated to lOmL each using a Büchi Rotavapor. This was fitted with a 
condenser, an analog heating water bath (Büchi water hath model B480) with a 
temperature range from to 100°C, a Brinkman vacuum aspirator model B-169 and a 
circulating bath.
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The water sample to he evaporated was poured into a round bottomed flask 
connected to a condenser. The flask was gently lowered into the warm water in the 
water bath with temperature set at 40°C. The water was allowed to evaporate until 
there was about lOmL left and analyzed using GC/MS.
3.6.2 The GC/MS Analysis o f A15-0,l (Na^) Extract
The potential for examination o f treated drinking water hy leaching o f organic 
compounds from these resins was addressed by examining several extracts using 
GC/MS.
Compounds in the extracts, were identified hy comparison o f their mass spectra to 
the NIST 2002 library o f mass spectra using a computerized spectra matching 
algorithm designed hy Varian to assign possible compound structures (See 
Appendixes 4 and 5). Examination o f the GC/MS data indicated that many o f the 
compounds could he classified as silicone (oil), alkanes or aromatics. Reconstructed 
ion chromatograms o f ions that are generally common to alkanes, silicone oils and 
aromatics tentatively identified the presence o f these classes o f compounds. Alkanes 
were tentatively identified by the presence o f m/e=57 (C4H9'*'). Silicone oils were 
identified by m/e=73 (Si(CîÎ3)3^). The presence o f monoaromatic compounds is often 
indicated hy m/e=77 (CeHs^).
For the distilled water blank, most o f the peaks apparent in the chromatogram 
could be assigned to silicone related compounds. The compound occurring at 7.4 
minutes was tentatively identified as trimethylsilanol. The compound eluting at 11 
minutes was tentatively identified as hexamethylcyclotrisiloxane. All other major 
peaks contained a predominant 73 ion. The peak pattern indicates a homologous
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
series o f silicones (silicone oil). Because silicone oils are common components o f 
laboratory vacuum oils, it is likely that these compounds resulted from laboratory 
contamination.
Distilled Water Blank TIC
6E+4
5E+4
m
.05 3E+4
CO
2E+4
0 JL
5.0 10.0 15.0
Minutes
20.0 25.0 30.0
Figure 11 Distilled Water Blank TIC
Distilled Water Blank m/e=73
6E+3
_  4E+3 
m
.ro 3E+3
CO
1E+3
0 5.0 10.0 15.0 20.0 25.0 30.0
Minutes
Figure 12 Distilled Water Blank m/e = 73
A total ion chromatogram from the resin extract is shown in Figure 13. The 57 ion 
chromatogram is presented in Figure 14. Peaks between 20 and 40 minutes appear to
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be a homologous series o f alkanes o f the type common to lubricating oil. The 73 ion 
chromatogram, shown in figure 15, indicates that a number o f the early eluting peaks 
were organosilanes (silicones) that are probable best ascribed to laboratory 
contamination.
The 77 ion mass chromatogram indicates that there was a cluster o f aromatic 
compounds eluting between 10 and 12 minutes (Figure 16). Ion chromatograms for 
m/e=105 are presented in Figures 17 and 18. All o f these compounds have a m/e=105 
as a common ion in their mass spectra. Library matches indicate that these 
compounds are a series o f alkyl aromatics (isomer o f trimethyl benzene and ethyl 
toluene. (See Appendixes 4 and 5)
A15 (0,1) Extract (10 mL) TIC
9E+4
7E+4
CD
.05 5E+4 
CO
2E+4
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Minutes
Figure 13 Total ion chromatogram
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A15(0,1) Extract (10 mL) m/e=57
6E+2
4E+2
ra 3E+2
1E+2
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Minutes
Figure 14 The 57 ion chromatogram
A15 (0,1) Extract (10 mL) m/e=73 ■
3E+3
2E+3
.g> 2E+3
8E+2
5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Minutes
Figure 15 The 73 ion chromatogram
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A15 (0,1) Extract (10 mL) m/e=77 ■
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5E+2
1
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Figure 16 The 77 ion chromatogram
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. i  2E+3 
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Figure 17 The 105 ion chromatogram
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A15(0,1) Extract (10 mL) m/e=105
3E+3
2E+3
2E+3
8E+2
8.8 9.6 10.4 11.2 12.812.0 13.6
Minutes
Figure 18 A blow up o f the 105 ion chromatogram
3.7 GC/MS Analysis o f the Extract from the Flow System 
Effluent from the flow system was extracted using dichloromethane and examined 
by GC/MS as above. The major compound eluting at 12.7 minutes was tentatively 
identified as a 2-chlorocyclohexanol by automated library search (Figure 19). The 
identity o f this compound is however very tentative since the match was on 730 (scale 
o f 1000). The m/e=57 ion chromatogram shown in Figure 20 indicate a homologous 
series o f alkanes eluting between 25 and 45 minutes. The series o f compounds are 
components o f lubricating oils. The 73 ion chromatogram is shown in Figure 21 and 
the low intensity and signal indicates that the organosilanes are at very low 
concentration in this extract. In figure 22, the 77 ion chromatogram indicates that 
several o f the early eluting peaks are aromatic in nature. A closer examination o f their 
mass spectra demonstrates however, that these compounds are not aromatic, but 
appear to be monochlorinated cyclohexene and cyclohexanol isomers.
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Figure 19 Effluent Extract TIC
A15(0,1) Effluent m/e=57
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Figure 20 The 57 ion chromatogram of the effluent
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A15(0,1) Effluent m/e=73
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+ •Figure 21 A 1 5 (0 ,l)N a  Effluent, mass 73 (silicones)
A15 (0,1) Effluent m/e=77 ■
1E+3
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Figure 22 A15-0,1 (Na^) Effluent, mass 73 (Aromatic)
3.8 Cycles o f Water Treatment using the Modified Resin 
The prepared resin packed in a eolumn was used in the flow system to find out 
how many liters o f water can be treated with 30 grams o f modified chlorinated resin 
before regeneration was necessary. The water was allowed to flow upward at the rate 
o f 5mL/min. Each run took about 10 hours to collect about 3 liters o f treated water. 
The temperature o f the column during flow was taken from the inserted thermometer
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and the pH o f each water sample was measured using the pH meter after each run. 
The active chlorine content values were obtained by titration as previously described 
on Section 2.19 page 30. The values obtained are shown below (Tables 4-10). In real 
“raw” water, for example water fi-om a river or a well, the active chlorine content 
value may be much less as there could be higher chlorine demand.
Table 4 First Results from the chlorinated Resin after Modification
Sample
No
Tetiç 
of 
water 
in the 
column 
( T )
Vol. o f effluent 
CL)
pH
Free
active
chlorine
(FAC)
(mg/L)
as
Cl
If
Total
FAC
(mg)
as
Cl
Combined
active
chlorine
(CAC)
(mg./L)
as
Cl
Î
Total
CAC
(m ^
as
Cl
Total
active
Chlorine
(TAC)
(mg'L)
as
Cl
*
Total
active
chlorine
(m ^
as
Cl
Interval Cumul.
1 20 3 3 7.60 5.10 15.30 0.70 2.10 5.80 17.40
2 20 3 6 7.80 2.60 7.80 0.34 1.02 2.94 8.82
3 21 3 9 7.90 1.23 3.68 0.45 1.35 1.68 5.04
4 20 3 12 8.00 1.29 3.87 0.43 1.29 1.72 5.16
5 18 3 15 8.02 0.92 2.75 0.37 1.11 1.29 3.87
6 18 3 18 8.04 0.93 2.78 0.37 1.11 1.30 3.90
7 19 3 21 8.15 0.81 2.42 0.30 0.90 1.11 3.33
8 24 3.5 24.5 7.96 0.62 2.15 0.29 1.02 0.91 3.19
9 23 3.75 28.25 8.37 0.19 0.69 0.34 1.28 0.53 1.99
10 22 3 31.25 7.91 0.27 0.81 0.30 0.90 0.57 1.71
11 22 3 34.25 7.90 0.18 0.54 0.14 0.42 0.32 0.96
Cumulative Totals 14.14 42.8 4.03 12.49 18.17 55.36
TÎ Calculated by FAC x volume collected during sampling intervals, 
t  Calculated by CAC x volume collected during sampling intervals. 
* Calculated by TAC x volume collected during sampling intervals.
After sample number 11 (See Tables 4), the resin was recharged by passing 20mL 
bleach acidified with ImL acetic acid. This was allowed to sit overnight. The reaction 
was exothermic and the column felt a little warm and there was about 2°C rise in the 
temperature o f the column. A plot o f chlorine residual against total effluent shows
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that as the chlorine residual decreases, the total effluent also decreases. It should be 
emphasized that the residual in this and the following Figures are reported as mg o f 
active chlorine (C^) not as CI2 .
Fresh Resin - 0 regenerations (30 grams resin)
-0— free residual (mg/L) — □— combined residual — a — total
7
6
5
4
3
2
1
0
0 10 20
Total effluent (Liters)
30 40
Figure 23 Fresh Resin Zero Regeneration (30 grams resin)
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Fresh Resin - Zero Regeneration
free residual (mg/L) — □— combined residual — és— total
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U
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s  0.1
4 )
1
0.01
Total Effluent (Liters)
Figure 24 Fresh Resins -  Zero Regeneration
Table 5 Regeneration Cycle 1
Sample
No
Temp 
of 
water 
in the 
column 
( T )
Vd. of effluent 
(L)
pH
Free H 
active Total 
chlorine FAC 
(FAC) (mg) 
(mg/L) as 
as Cl 
Cl
Combined
active
chlorine
(CAC)
(mg./L)
as
Cl
T
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(mg/L)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 20 3 3 7.98 5.40 16.20 0.03 0.09 5.43 16.29
2 21 3 6 7.98 2.30 6.90 0.20 0.60 2.50 7.50
3 22 3 9 7.95 1.88 5.64 0.19 0.57 2.07 6.21
4 22 3 12 7.95 2.74 8.22 0.20 0.60 2.94 8.82
5 22 3 15 7.95 1.20 3.60 0.14 0.42 1.34 4.02
6 25 3 18 7.98 0.55 1.65 0.18 0.54 0.73 2.19
Cumulative Totals 14.07 42.21 0.94 2.82 15.01 45.03
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Table 6 Regeneration Cycle 2
Sample
No
Temp 
of 
water 
in the 
column 
(°C)
Vol. of effluent 
(L)
pH
Free
active
chlorine
(FAC)
(mg./L)
as
Cl
I
Total
FAC
(mg)
as
Cl
Combined
active
chlorine
(CAC)
(mg/L)
as
Cl
T
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(m gl,)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 21 3 3 7.85 2.40 7.20 0.29 0.87 2.69 8.07
2 23 3 6 8.35 0.93 2.79 0.33 0.99 1.26 3.78
3 23 3 9 7.95 1.05 3.15 0.35 1.05 1.40 4.20
4 23 3 12 7.93 0.93 2.79 0.40 1.20 1.33 3.99
5 23 3 15 8.13 0.97 2.91 0.47 1.41 1.44 4.32
6 24 3 18 7.98 0.56 1 .68 0.44 1.32 1.00 3.00
7 24 3 21 7.96 0.42 1 .26 0.34 1.02 0.76 2.28
8 24 3 24 8.16 0.29 0.87 0.40 1.20 0.89 2.07
9 25 3 27 8.25 0.22 0.66 0.41 1.23 0.63 1.89
10 24 3 30 7.80 0.00 0.00 0.40 1.20 0.40 1.20
Cumulative Totals 7.77 23.31 3.83 11.49 11.60 34.80
Table 7 Regeneration Cycle 3
Sample
No
Temp 
of 
water 
in the 
column 
(°C)
Vd. of effluent 
(L)
pH
Free
active
chlorine
(FAC)
(mg/L)
as
Cl
K
Total
FAC
(mg)
as
Cl
Combined
active
chlorine
(CAC)
(mg./L)
as
Cl
T
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(mg/L)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 20 3 3 7.87 3.53 10.59 0.28 0.84 3.81 11 .43
2 19 3 6 7.98 1.65 4.95 0.20 0.80 1.85 5.55
3 21 3 9 8.07 1.67 5.01 0.18 0.54 1.85 5.55
4 22 3 12 7.54 1.13 3.39 0.19 0.57 1.32 3.96
5 22 3 15 8.00 0.15 0.45 0.10 0.30 0.25 0.75
6 21 3 18 7.98 0.47 1.41 0.15 0.45 0.62 1.86
7 24 3 21 8.09 0.01 0.03 0.20 0.60 0.21 0.63
Cumulative Totals 8.61 25.83 1.30 3.90 9.91 29.73
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It should be emphasized here that the sample number in Table 8  and 9 appear 
shorter than the other regeneration cycles because the resin was regenerated with 
lOmL bleach and 0.5mL acetic acid in order to determine the minimum amount o f 
acidified bleach mixture required to chlorinate 30.Og of resin. It does appear that the 
resin was not properly chlorinated with this volume measurement. The other 
regenerations (Tables 4, 5, 6 , 7, and 9) were done with 20.0mL bleach acidified with 
ImL acetic acid.
Table 8 Regeneration Cycle 4
Sample
No
Temp 
of 
water 
in the 
column 
(°C)
Vol. of effluent 
(L)
pH
Free
active
chlorine
(FAC)
(mg/L)
as
Cl
H
Total
FAC
( n #
as
Cl
Combined
active
chlorine
(CAC)
(mg/L)
as
Cl
Î
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(mg/L)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 22 3 3 7.80 2.10 8.30 0.00 0.00 2.10 6.30
2 22 3 6 7.60 0.82 2.46 0.19 0.57 1.01 3.03
3 22 3 9 7.80 0.45 1 .35 0.11 0.33 0.56 1.68
Cumulative T otals 3.37 10.11 0.30 0.90 3.67 11 .01
Table 9 Regeneration Cycle 5
Sample
No
Temp 
of 
water 
in the 
column
(°C)
Vd. of effluent 
(L)
pH
Total^ v e
(mg/L)
as
Cl
Combined
active
chlorine
(CAC)
(mg./L)
as
Cl
T
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(mg/L)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 24 3 3 7.80 0.65 1.95 0.03 0.09 0.68 2.04
2 23 4 7 7.90 0.24 0.98 0.10 0.40 0.34 1.36
3 24 3 10 7.80 0.22 0.86 0.00 0.00 0.22 0.66
4 23 3 13 7.80 0.09 0.27 0.02 0.06 0.11 0.33
Cumulative Totals 1.20 3.84 0.15 0.55 1.35 4.39
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Table 10 Regeneration Cycle 6
Sample
No
Temp 
of 
water 
in the 
column 
(°C)
Vol. of effluent 
(L)
pH
Free
active
chlorine
(FAC)
(mg./L)
as
Cl
1
Total
FAC
(mg)
as
Cl
Combined
active
chlorine
(CAC)
(mg/L)
as
Cl
T
Total
CAC
(mg)
as
Cl
Total
active
Chlorine
(TAC)
(mgyL)
as
Cl
*
Total
active
chlorine
(mg)
as
Cl
Interval Cumul.
1 23 3 3 7.90 3.76 11 .28 0.39 1.17 4.15 12.45
2 25 3 6 7.80 2.03 6.09 0.18 0.54 2.21 8.63
3 24 3 9 7.80 1.98 5.94 0.15 0.45 2.13 8.39
4 25 3 12 7.80 1.91 5.73 0.20 0.80 2.11 6.33
5 25 3 15 7.80 1.10 3.30 0.04 0.12 1.14 3.42
6 23 3 18 7.80 0.72 2.18 0.20 0.80 0.92 2.78
7 22 3 21 7.80 0.57 1.71 0.18 0.54 0.75 2.25
S 24 3 24 7.80 0.25 0.75 0.10 0.30 0.35 1.05
9 21 3 27 7.80 0.23 0.89 0.10 0.30 0.33 0.99
10 22 3 30 7.80 0.13 0.39 0.15 0.45 0.28 0.84
11 22 3 33 7.80 0.27 0.81 0.13 0.39 0.40 1.20
12 22 3 36 7.80 0.22 0.88 0.21 0.83 0.43 1.29
Cumulative Totals 13.17 39.51 2.03 6.09 15.20 45.80
Fresh Resin - 6 Regenerations
^ — free residual (mg/L) — □— combined residual — a — total
0.1
0.01
Total Effluent (Liters)
Figure 25 Fresh Resin - 6  regenerations 1
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Fresh Resin - 6 Regenerations (30 grams resin)
—  free residual (mg/L) — □—  combined residual — A—  total
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Figure 26 Fresh Resin -  6  Regenerations 2
Mass total of chlorine eluted
■ ^ 0  regenerations, fresh resin —B—6 regenerations, fresh resin
6 0 . 0
M  5 0 . 0  ‘
4 0 . 0  -
3 0 . 0 -
20.0  •
10.0 -%
0.0
4 0
Total eluted volume (Liters)
Figure 27 Mass total o f chlorine eluted
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Figure 27 Mass total of chlorine eluted
Resin performance
• at 9 liters of effluent at 18 liters of effluent
I
I
o
H
2.5
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u
0.5 B '
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Regeneration cycle #
Figure 28 Resin Performance
3.9 Characterization o f Resin after Six Regenerations 
From the results obtained above, it was noticed that as the number o f 
regenerations increases, the chlorine holding capacity decreases. The treatment o f 
water with the resin was stopped after the sixth regeneration cycle when the water had 
treated with the resin was approximately 161L.
About 2.0g o f wet resin taken from the reactor was weighed and analyzed for 
—S O 3H  and —S O 2N H 2 content. Using the hydrazine method described on page 28, the 
volume o f nitrogen gas formed (after subtracting the volume o f hydrazine used), was 
about 10.4mL at 25°C and a pressure o f 710.2Torr. The chlorine holding capacity 
was O.bOmmolC^/g o f resin, using the relationship given on page 30. (Equation 33)
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about 0.645g) was pulverized and analyzed by photoacoustic infrared spectroscopy. 
The peaks observed were not different from the seen in the initial analysis. Prominent 
peaks at 3420, 2932, 1695, 1312 and 1122 were observed. (Figure 23) (See Figure 24 
for the comparison of Figure 23 with Figure 8 , page 36)
3420.341
I 1121.762
2932.206 1312.051
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Figure 29 Infrared Spectrum for A15 (0,1) Na^ after 6  regenerations
The remaining resin, (now estimated to be about 29.4g), was dechlorinated by 
adding 30mL of hydrazine in a fume hood. At the end o f the violent reaction, the 
resin was washed with about 1 liter o f DI water. It was converted to the form, 
washed thoroughly with DI water and then to the Na^ form (by the usual methods) 
followed by washing again with DI water.
The exchange capacity measurement before the regeneration cycles was 
1.02meq/g. The total exchange capacity o f  the resin after 6  regenerations increased 
from 1.02meq/g to 2.78meq/g. This is probably because —SO2NCI2 was more 
susceptible to hydrolysis o f the sulfonamide group (volume o f 0.0964M NaOH
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obtained at the end o f titration was 38.3mL, volume o f aliquot=50.0mL, and weight 
o f dry resin=29.4g). Table 11 shows the summary o f resin characterization.
Tablell Summary o f Resin Characterization Results
Resin 
A15-0,1 (Na+) Started with After regeneration
Total exchange 
Capacity (meq/g) 1 . 0 2 2.78
Chlorine holding 
capacity (mmolClz/g 
o f dry resin
5.45 2 . 0 0
Weight o f Resin (g) 30.0 29.4
3.9.1 Comparison o f Infrared Spectra for A 15-0,1 (Na^)
The spectra for the resin, A15-0,l (Na^), regenerated seven times and the freshly 
modified resin type were superimposed for comparison. It was observed from the 
decline in 1 lOOcm'^peak that the sulfur containing groups were being lost.
3420s 2932 1122
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169:
Ija 159'3268
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Figure 30 Infrared Spectra for new and used A15-0,1 (Na^)
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What we do know is that some hydrolysis has occurred because the total 
exchange capacity increased (Table 11). Secondly, hydrolysis occurred faster than 
any possible replacement o f —SO3H groups by chlorine. In addition, the polymer lost 
some weight.
The following assumptions were made. That perhaps, —SO3 groups from the 
sulfonic acid functionality have been replaced by active chlorine (Cl^). Secondly, that 
ammonia combined with C f  and nitrogen (N) is removed from the sulfonamide 
(hydrolysis). Another possibility is that sulfamic acid (HO3 S-NH2) groups are being 
lost from the rings o f the polymer. If  the sulfamic groups are actually being lost, are 
they being replaced by chlorine? Is sulfamic acid poisonous? Available data shows 
that sulfamic acid (strong acid) may be harmful if  ingested in large concentrated 
amounts, inhaled, or absorbed through the skin; but there is no available data about 
the chemical, physical, and toxicological properties. These have not been thoroughly 
investigated.
3.10 Organic Carbon Analysis Results 
The feed water, untreated water taken from the hoses o f the flow system and ten 
samples o f treated water collected from the flow system were analyzed using the 
Organic Carbon Analyzer. The following results were obtained as the amount o f 
organic carbon present in parts per million. Three sets o f water samples randomly 
taken from (Table 4, Table 5 and Table 7).were analyzed, and the results obtained are 
given below (Table 12, Table 13 and Table 14 respectively)
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Table 12 Organic Carbon Analysis Results 1
From chlorinated resin 
after modification 
(Sample No.)
ppm C
1 16.94
2 36.66
3 38.63
4 35.50
5 9.855
6 7.935
7 60.89
8 58.66
9 8.719
1 0 10.43
1 1 10.90
Feed water 9.348
Table 13 Organic carbon analysis 2
Sample name ppm C
Flow system feed water 3.890
Regeneration cycle 1 
Sample No.l 9.851
2 10.830
3 7.678
4 7.802
5 9.099
6 9.325
7 7.242
8 7.110
9 5.905
1 0 5.979
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Table 14 Organic Carbon Analysis Results 3
Regeneration cycle 3 
(Sample No) ppmC
1 20.97
2 22.73
3 18.27
4 10.40
5 18.89
6 9.609
7 15.31
3.11 HPLC Analysis o f Effluent from Flow System 
HPLC analysis o f the effluent (treated water) from the flow system showed no 
UV active components. The chromatogram was mainly noise from the reciprocating 
pump (Figures 28 -  34). The Figures 28 -  34 represent the chromatograms o f samples 
taken from Tables 4 - 1 0  respectively.
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Figure 31 HPLC chromatogram for Sample 1
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Figure 32 Chromatogram for Sample 2
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Figure 33 Chromatogram for Sample 3
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Figure 34 Chromatogram for Sample 4
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Figure 35 Chromatogram for Sample 5
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Figure 36 Chromatogram for Sample 6
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Figure 37 Chromatogram for Sample 7
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3.12 Application o f this Method in Nigeria 
The major impediment to the provision o f safe drinking water is the lack o f 
political will and genuine commitment on the government o f most developing 
countries including Nigeria. In view o f this, access to safe drinking water will 
continue to be a huge problem without the political commitment and engagement o f 
the leaders o f developing countries. Available statistics and figures provided by the 
World Bank and the United Nations (UN), indicate that safe drinking water problems 
affecting large numbers o f people appear to be concentrated on just five nations: 
China, India, Indonesia, Pakistan and Niseria. (underline added for emphasis)
Table 15 People without Access to Safe Drinking Water 24
Countrv Estimated number o f people without access to safe drinking water in 
millions
China 124 - 348
India 182 -355
Indonesia 75 -77
Pakistan 58
Nigeria 6 7 - 7 2
Total: 513 -  900 million
3.12.1 Methods o f Water collection and Storage in Nigeria 
Water for household use is collected in a variety o f ways. There are physical 
methods ranging from manual (e.g. dipping), to passive (e.g. roof catchments and 
diversions), and it is stored in a variety o f containers. The containers used in homes
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for water collection and storage include clay pots, as well as other materials, 
primarily plastics such as buckets, jerry cans, and other plastic vessel types and 
shapes.
Key factors in the provision o f safe household water include the conditions and 
practices o f water collection and storage and the choice o f water collection and 
storage containers or vessels. Numerous studies have documented inadequate storage 
conditions and vulnerable water storage containers as factors contributing to 
increased microbial contamination and decreased microbial quality compared to 
either source waters or water stored in improved vessels. Some studies also have 
documented increased risks o f waterborne infectious diseases from inadequately 
stored water compared to water stored in an improved vessel (safe storage), treated in 
the home to improve microbial quality, or consumed from a quality source without 
storage. Higher levels o f microbial contamination and decreased microbial quality are 
associated with storage vessels having wide openings (e.g., buckets and pots), 
vulnerability to introduction o f hands, cups and dippers that can carry fecal 
contamination, and lack o f a narrow opening for dispensing water. Higher levels o f 
contamination are associated with increased levels o f diarrheal disease.
3.12.2 Daily Drinking Water needs o f a Household
In my town, Ososo, Edo state Nigeria; a typical average household has 7 people 
comprising say, 3 adults and 4 children. Daily drinking water needs depend on the 
season: wet or dry. On the average, households require about 14 liters (~2L/person) 
o f treated water per day. The density measurements (Table 2) permit calculations o f
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size o f reactor. The amount o f resin needed can also be calculated. The volume o f 
water treated is calculated as bed volumes per hour.
Density o f wet A15-0,l (Na^) from Table 3 -  0.476
Volume o f resin bed
Total volume o f resin bed 
Height o f resin bed
= Mass o f resin 
Pwet (g/cm^)
30g
0.476g/cm
= 63.0cm^
= Volume of resin bed (cm^l 
Area o f resin bed (cm^)
= 63.0cm^
7T»(l.lcm)
= 16.6cm
From the results obtained in this project, water passing through A15-0,l (Na^), at 
a flow rate o f SmL.min ' and a contact time o f 4.42 minutes, produced about 300 
mL/b o f treated water. Note that in order to obtain larger bed volumes, the flow rate 
can be scaled up. See calculation below:
Consider porosity
-0 .3 5
= total volume o f resin bed x porosity 
= 63.0 X 0.35 
= 2 2 .1 cm^
Average contact time = Pore volume (cm^l
Flow rate (cm^/min)
= 22.1mL
5mL/min
Assume porosity 
Pore volume
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= 4.42 minutes
Volume of water treated per day will be:
5mL X  60min x  24h 
min h 1 day
= 7200mL/day
= 7.2L/day
If  30g o f resin with a bed volume o f 63.0cm^ in a 22mm i.d x 310mm reactor, had 
a bed height o f 16.6cm, the estimated size of the reactor needed for about 62g o f 
resin, (to treat water for a household o f 7) would be approximately 130cm^. (See 
below calculation).
Size (volume) o f reactor = resin (g)
Pwet
~130cm^
There could be biological oxygen demand (BOD) in the water being treated, so it 
is suggested that the amount o f resin should be increased to lOOg or 210cm^
Assuming a 0.50mg/L combined residual o f Cl^ at say 0.50mg/L chlorine demand 
at 7 hour contact time; after 6  regenerations, will produce 15L of water at 30.0g resin 
or 1 . 0  day o f water treatment.
Internal diameter (i.d.) o f bed volume column = 2.2cm
Internal area o f bed volume column = %r^
4
4
= 3.80cm^
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Height o f resin bed at 22mm diameter reactor = Size o f reactor (cm^) 
Internal area o f  reactor (cm )
= 2 1 0 cm 
3.8cm^
= 55.3cm
This will vary depending on the diameter o f the reaction tube.
3.12.3 Estimation of Resin Life
Assume lOOg resin:
Residual ^ .5 m g /L  o f Cl^
Table 16 Estimation o f Resin Life
Regeneration
cycles
Calculation Time (days)
0 [(31.25LX 100g/30g)x 1/14L*D'’] 7.4
1 [(18Lx 100g/30g) X  1/14L*D-'] 7.4
2 [(27L X  100g/30g) X  1/14L*D'^] 4.3
3 [(21Lx 100g/30g) X  1/14L*D'^] 6.4
4 [(3L X  100g/30g) X  1/14L.D-’] 5.0
5 [(lOLx 100g/30g) X  1/14L.D'^] 0.7
6 [21L X  100g/30g) X  1/14L*D'^] 31.3
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Each lOOg batch o f resin should last for about 1 month before it has to be replaced 
with fresh resin. In addition it is recommended that the resin should be regenerated 
once every week.
3.12.4 How to set up the Apparatus 
The details o f setting up the apparatus are explained below (Diagram 4). This will 
require fabrication.
Plastic buckets can be perforated at the bottom to serve as the filter vessels. The 
bucket with the perforated bottom is filled with layers o f both sand and gravel, or 
other media. The gravel and sand media can be prepared locally by passing sand and 
gravel through metal sieves of decreasing mesh size and retaining the material in the 
appropriate size ranges between 0 . 1  and 1 mm for sand and about 1 - 1 0  mm for 
gravel. Sand or other local granular media are placed in plastic or metal buckets 
approximately 5-gallon (2 0 -liter) capacity and having bottoms with perforations 
(punched with small holes and fitted with a mesh strainer, such as window screen or 
piece o f cloth) to allow water to drain out. Buckets are filled with several cm of 
gravel on the bottom and then a deeper layer o f sand (about 40 to 75 cm) on top o f the 
gravel. The granular medium bucket filter is suspended above the reactor containing 
chlorinated resin. The reactor is in turn connected to a similar size empty bucket (like 
the perforated one) with a solid bottom to collect the water that drains from it (the 
reactor) as water is poured through the filter. The media o f newly prepared bucket 
filters must be cleaned initially with water to remove fine material and other 
impurities before use. It is advisable that the dirty water draining from new filters is 
discarded until the filtrate water has a low turbidity so that the resin in the reactor
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does not get clogged with dirt. The media o f bucket filters must be cleaned or 
replaced on a regular basis to remove accumulated particles and to prevent the 
development o f excessive microbial growths that will degrade water quality. The 
frequency o f filter media replacement and cleaning depends on local conditions, but 
typically it is after a use period o f perhaps several weeks.
’—Bucket (sand) Filter 
and Untreated Water
Reactoi 
Chloiinated 
Resin
Effluent 
(Treated Water)
Diagram 4 Suggested Apparatus for Water Treatment
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3.12.5 Regeneration o f the resin at Home 
After about 7 days o f use, the resin should be regenerated. This could be done by 
disconnecting the bucket filter from the reactor. Another bucket is placed under the 
resin to collect the waste products obtained after regeneration. The reagents required 
are household bleach (5.25% of sodium hypochlorite solution) and household vinegar 
(Household Vinegar is about 3% acetic acid and 97% water) Pour about lOOmL of 
bleach acidified with about 40mL o f vinegar into the resin in the reactor and allow 
this to stand for between 2-3 hours. When the resin is being regenerated, the reactor 
feels warm. Drain the liquid from the reactor after 2-3 hours o f regeneration into a 
bottle for proper disposal. Rinse the resin with about 2L o f water and it would be 
ready to begin production again o f potable water.
3.12.6 Disposal o f the Effluent from the Regeneration Procedure 
The effluent is mainly salty water with a little acetic acid from the vinegar. It is 
therefore not a hazardous waste. However, it should not be poured on the garden or 
flowers because one product o f regeneration is salt (sodium chloride). It may be 
poured where weeds are not needed or into a flowing river.
3.12.7 Static System and the Flow System 
These are two systems in which the resin can be used for water treatment. On the 
one hand, the static system requires a larger surface area for contact between the 
chlorinated resin and the water being treated. However, the static system would be 
more convenient in a rural set up because it saves time and cost because we do not 
need any elaborate apparatus or fabrication to run it.
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On the other hand, in the flow system the amount o f chlorine going into the water 
is controlled because the resin is stationary, occupying a small surface area and the 
water to be treated is made to flow through it and get treated. It is more expensive 
than the static system because it requires fabrication or manufacture o f equipment for 
implementation. It also time consuming, requiring several hours to produce large 
volumes of water. (Diagram 4, page 69)
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
The purpose o f this research is to synthesize sulfonamide resins free o f hazardous 
products and then use the resin in small scale water disinfection. A “green” method 
was developed in this research whereby the by-products obtained are non-toxic and 
relatively harmless. The —SO2NH2 group can be differentiated from a sulfonic acid or 
metal sulfonate groups by photoacoustic infrared spectroscopy. It was established that 
the dichlorosulfonamide derivative were more effective than the monochloro sodium 
salts. These chlorinated sulfonamide resins can easily be regenerated following loss 
o f biocidal efficacy. Since this project is intended for the rural populace, the resins 
can be regenerated by exposure to aqueous free chlorine in the form o f household 
bleach acidified with vinegar (acetic acid). The results obtained from GC/MS analysis 
o f the water treated with this method showed that that it contained some organic 
compounds in small amounts. EPA National Drinking Water Standards placed the 
maximum contaminant level (MCE) o f carbon tetrachloride at 0.005mg/L and total 
trihalomethanes which includes chloroform at 0.080mg/L. The least total organic 
carbon analysis for the samples analyzed was between 5.91 (Table 11) and 60.1 
(Table 10). These values are somewhat higher than the MCL acceptable by EPA of 
between Ippm C to 5ppm C. However, the HPLC analysis o f the sample showed no
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UV absorbing substances at UV-detectable concentrations in the water because the 
peaks observed were mainly noise due to the reciprocating pump.
4.2 Future Work
Further work should be done to ensure that the resin does not pick up any 
contaminant during the modification process. In addition, attempts should be made to 
investigate how the resin could be used in a static system for water treatment since 
majority o f the rural populace for which this project intends to store their drinking 
water in clay pots.
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APPENDIX
1. Figure A l and Figure A2 Image o f a Resin Bead and a Fractured Resin 
The image o f a resin bead and a deliberately fractured resin was taken with a 
scanning electron microscope (SEM).
)
Figure A-1 Image o f a Resin Bead (30KV x 150)
Figure A-2 Image o f a fractured resin (30KV x 20000)
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2. Indicator
When FAS is titrated against lOOmL water sample to which 5mL of 
N,N-diethyl-p-phenylenediamine oxalate (DPD), the color change is from pink to 
colorless at end point.. The reactions are shown below. Indicator:
E to N -f  V-NHo----------------   EtoN=< :NH+H"' + 2 e
+Et2N=K^^^J>=NH---------------- - Etg— NHg - 2 e
(Red) (Colorless)
2 Fe^'' ---------------- ► 2 Fe^^ + 2 e
CI2 ^  2 C r -2 e 
2 (Fe^+^ Fe^+ + e)
CI2 + 2 Fe '^" ^  2CF + 2 Fe^+
3. Preparation o f 2M acetic acid/sodium acetate buffer
Reagents: sodium acetate trihydrate (CH3C0 0 Na.3 H2 0 , MW=136g m o f’ and
acetic acid C H 3C O O H ; MW=60g m o l'\ density=1.049).
To prepare 2M acetic acid/sodium acetate (HOAc/NaOAc) solution in a 250mL
volumetric flask, the calculation is as follows:
2mol X  0.250L x  136g = 6 8 .Og NaOAc
L mol
2mol X  0.250L x  60s = 30.0g HOAc
L mol
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Volume o f acetic acid = Mass 
Density 
= 30.0 
1.049 
~ 29mL
Weigh about 6 8 .Og o f sodium acetate and add some water to dissolve. Add 29mL 
acetic acid and then fill it up to mark with DI water.
4. Library Search Results 1 
Figures B-1 to B - 6  shows the library search results for A15-0,1 (Na" )^ lOmL extract.
L i b r a r y  S e a r c h  E : \S Y L 0 0 1
C o m m e n t: SPME D IS T IL L E D  BLANK 
100%
A c q u i r e d :  0 9  A p r  2 0 0 4  S c a n  n u m b e r  1 6 7 3
'"I ’ 1 f  1 1 1 1  f'i f i ' i  1 1't 1 n r | “f r ‘T '  r ' f i  h  ' 
X C y c I o t e t r a s  i I o x a n e ,  o c t a m e t h y l -  $$
1 1 1 1 1 1 1 1 1 I 1 1 r 1 l"l 1 1 j 1
CAS 5 5 6 - 6 7 - 2  »
1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 1 I'l 1 1 1 1 I'l 1 ] ‘i 1 i''| i-p-|- t‘i  1 1 I"! 1 1 
% C y c l o t e t r a s i l o x a n e ,  o c t a m e t h y l -  $$
1 1 1 1 1 1 1 1 1 I 1 I 1 1 1 1 1 1 1 I
CAS 5 5 6 - 6 7 - 2
T V  I*"' 1 ' 1 1' 1 ' ...... .... r"^ 'r''T 'T' 1 '"1 ' f'*' r''"i ' 1 ' 1 ' 1 ' 1 *"i ' 1
% C y c l o t e t r a s I l o x a n e ,  o c t a m e t h y l -  $$
+Trr*'l-|-i 1 V rt f  r-i t- rH-i i l i ri-i-i'i t r r r |- | i i ‘|‘ i r (“i i i
n - p  1 r |"i 1 1 p  1 1 -p j I pi
CAS 5 5 6 - 6 7 - 2
n p  p  p  1 1 p  p  1 1 p  p  1
6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0
F o r m u l a  C 8 . H 2 4 . 0 4 . S i 4  R a n k  1 I n d e x  1 1 5 6 1 6
M o lW e ig h t :2 9 6  S e a r c h :  A I I L o c a IM o rm :O n  P : 8 3 3  F : 9 5 6  R : | g ^  CAS# 5 5 6 - 6 7 - 2
Figure B-1 Distilled Blank (molecular weight=296)
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L ib r a r y  S e a rc h  E:\EMER038 A c q u ire d : 03 Ju n  2004  S can  num ber 661
C o m m e n t: SY LV ESTER'S,EX TRA CT C 1 0 M L ) A IS C O .D N A  
100%
100%  C y c l o t e t r a s i l o x a n e ,  o c t a m e t h y l -  $ $  CAS 5 5 6 - 6 7 - 2  *
100%  C y c l o t e t r a s i l o x a n e ,  o c t a m e t h y l -  $ $  CAS 5 5 6 - 6 7 - 2
iS I i |'>|v r n  ■i''  I I'l 'i m  m h r h  < i n  n ' h i 'h ' p  i■| i 1 i | 1 | i | ' f | r r i1 l |1 | iT i | T l iT i p fT ) i | n l T i p | r i i p | i | i | i | i | i | i | i | r p T r | q i p f T| r | i | i | i | i | i | i | ' | i | i | i | i | ' | i | [ | i | i | i | i | i | i f 
100%  C y c 1o t e t r a s i l o x a n e ,  o c t a m e t h y l -  $ $  CAS 5 5 6 - 6 7 - 2
[ ' 1 ’■I ’T r h ’ T n N V ' T r ' l ' l ' f ' M p  i h ' P  I ' | M ' I ' I ' H ’ l ' i ’ l ' i ' 1 1  | ' r i r i | i | ' ' i n ' n i ' ' ' i r j ' r |  1 1 1 |  r p  | r i ' i - | ' r  1 r |  I |  1 1 1 1 1 |  I
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 M  4 5 0  5 0 0  5 5 0  6 0 0
F o r m u l a  C 8 .H 2 4 . 0 4 . S i 4  R a n k  1  I n d e x  1 1 5 6 1 6
M o l U e i g h t : 2 9 6  S e a r c h : A l l  L o c a lM o rm :O n  P : 9 2 3  F : 9 7 6  R z g E g g  CAS# 5 5 6 - 6 7 - 2
Figure B-2 Library Search lOmL Extract A15-0,l (Na^) (molecular weight=296)
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100%
A c q u ire d : 09 Apr 2004 S can  num ber 801
-pT'Tn‘'T' I  ' I 11 ' I ' I 'V f ' I ' I ' f ' I  ' I ‘ I'’’! ’T 'T  rn"' I ' I"' 11 11 I ' I IT' | T '  I '1 T'"ITT'T'T' |TT| l yTp 
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n ‘rf p '1 'I'TT n T TT'T | |  I' I '  | | |  1 1  | |  | |  | |  ' I  I | I  | |  1 1  1 1 |I IT T TI I [ I  I | |  II I M ' p i  I 1 1  P  I '  I ' l  '  I  ' I ' l ' '
100%  S i l a n o l ,  t r i m e t h y l -  $ $ CAS 1 0 6 6 - 4 0 - 6
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CAS 1 0 6 6 - 4 0 - 6
Figure B-3 Distilled Blank (molecular weight=98)
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' r f i  I ' l  p i  j' 1'1 11"[ 1 , 4  I I " |  I p  i p  I i' 'i  I n I  I 1 1 11 ' r ' T ' i '  I I  | T ' r i - | 11 1 1 I I  M I I I T  I ' l  ‘ I ' T  I ' I  ' I 
100%  C y c l o t r i s i l o x a n e ,  h e x a m e t h y l -  $ $  CAS 5 4 1 - 0 5 - 9
I "I I 11 I ' l ' i   ^ 1*’ I I'T I I’^ i I A 1 P '  I I I T  i"l 11 11 I 11 I ' I 11 I 11 11'I I ' f  11 I I I 11 I 11 11 I 11 11 I 11 I I
100%  C y c l o t r i s i l o x a n e ,  h e x a m e t h y l -  $ $ CAS 5 4 1 - 0 5 - 9
' I '111'I I i'i ) 111 i"i I i ‘i I i"i I f'l I i‘i 11'|| I n  I I'l 1 11 1 1 1 11 P T '  i T p  1 1 1 1 1 1 11 11 1 1 1 11 1 1 1 1111' p t  
6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  4 2 0  
F o r m u l a  C 6 . H 1 8 . 0 3 . S i 3  R a n k  1  I n d e x  7 1 1 7 7
M o lW e ig h t :2 2 2  S e a r c h : A 1 1  L o c a lN o rm :O n  P Z 8 1 4  F : 9 4 5  R : 3 B g  CAS# 5 4 1 - 0 5 - 9
Figure B-4 Library Search lOmL Extract A15-0,l (Na^) (molecular weight=222)
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L ib r a r y  S e a rc h  E:\EnER038 A c q u ire d  : 03 Ju n  2004 S can  num ber 345
Comment: SYLVESTER'S EXTRACT C10ML) A 15(0,1)N A100%
VIT' PTTfi'n'fi i^'Tpr m 'hin' ih m i't n nn nf ' i ' n  'T' i t  i ' rn 'T n pP
100%  C y c l o t r i s i l o x a n e ,  h e x a m e t h y l -  $ $
T|TiTiriTn |T |T |i | i | i | i | i |i|iTTp-pTTÎTTr
CAS 5 4 1 - 0 5 - 9
|i7ii'iinfniriii‘iiiipih+inii'ii|i|i|iiMii'i'ii|i|i|i|i|i|i|i|i|iMMii|i|i|iiM'iiri i'Fmi'ri'i'ii|ii'i'ri 
100%  C y c l o t r i s i l o x a n e ,  h e x a m e t h y l -  $ $  CAS 5 4 1 - 0 5 - 9
| i i ' i ' t ' i ^ | i i V i i ' i | i l i n i h ' 6 i '  i t ' i i i ' i ' i ' i i i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' ' i T ] ' T i ' i ' i ' | T i | T | i i ' | i | ' | i | i | i i ' i ' i i | i | i | i r r ' r ' ' r  
100%  M, N -D  i m e t h y 1 - 4 - n  i t r o s o - 3 - ( t r  i m e t h y I s  i l y 1 ) a n  i 1 i n e  S S  CAS 1 7 9 9 3 - 8 4 - 9
i|ili|i|i|iliri|nrfrnr|T[Tn:iqqTpTC|i|i|i|ii'i|i|iii|iii|i|i|i|T|T|Tp|'t|i(i|i[i|i|'irinfil'I'l' ■
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
F o r m u l a  C 6 . H 1 8 . 0 3 . S i 3  R a n h  1  I n d e x  7 1 1 7 7
M o lW e ig h t :2 2 2  S e a r c h : A l l  L o c a lN o rm Z O n  P : 7 7 2  F : 9 6 2  R : ^ |  CAS# 5 4 1 - 0 5 - 9
Figure B-5 Library Search lOmL Extract A15-0,1 (Na^) (molecular weight=222)
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L ib r a r y  S e a rc h  E :\EMER038 A c q u ire d  : 03 Ju n  2004  S can  num ber 724
Comment: SYLVESTER'S EXTRACT (~10nL ) AISCO.DNA100%
100%  2 - C h l o r o c y c l o h e x a n o 1 $ $  CAS 1 5 6 1 - 8 6 - 0
100%  2 - C h 1o r o c y c 1o h e x a n o 1 $ $  CAS 1 5 6 1 - 8 6 - 0
100%  4 - C h 1o r o c y c l o h e x a n o 1 $ $  CAS 3 0 4 8 5 - 7 1 - 3
l*|1' l lfi‘f ' i ^ i | ( ' | i | l | i | i | i | i | - i ( i i i | i p i i | i | i | i i r | q i | i | i i 7 i i | i p | i r i | i | I J i | i | i | i | i | l | l | i | l | l | l | l | i | i | i ) i | l | r r i T 1 T f n " i | i |
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
F o r m u l a  ( % .H 1 1 .C 1 . 0  R a n k  1 I n d e x  1 4 5 6 4
M o lW e ig h t :1 3 4  S e a r c h : A l l  L o c a lM o r m :0 n  P : 5 6 7  F : 7 0 8  R :B B SN  CAS# 1 5 6 1 - 8 6 - 0
Figure B - 6  Library Search lOmL Extract A15-0,1 (Na^) (molecular weight=134)
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5. Library Search Results 2 
Figures C-1 to C - 8  represents the library search results for A15-0,l (Na^) Effluent 
from the flow system
L i b r a r y  S e a r c h  E :\E M E R 8 3 9  A c q u i r e d :  0 4  J u n  2 0 0 4  S c a n  n u m b e r  8 5 9
C o m m e n t: SY LV ESTE R 'S  EXTRACT (-1 0 M L ) A IS C O .D N A  EFLUENT 
100%
HVw t'f |'r“Pn"t‘]'iTiI'Tfi I ' 111 n >1 ''I '■] ‘‘I ' I I '■ I'"pT' I ' n n[■'■i ' i m ' i ■"r'l ' r' nn p i ' i ' i ' i ' i m ' i ' i ■ i' 
100%  I s o c i t r o n e l l o l  $ $  CAS 1 8 4 7 9 - 5 2 - 2 *
p 'l  " 4 'T  i"h I'l 11''' I ''I ' I 'I  ' I ' I ' I ' I ' I ' I ' I ' n  I ' 11 I ' l ' '  |T | 111 p  H I T  111 I'l ri r ' n  p  P T f 'F T  
100%  1 . 6 —O c t a d i e n e .  5 . 7 —d i m e t h y l —. CR)— $ $  CAS 8 5 0 0 6 —0 4 —8
•T ' T11 I'l ' P I i'i ' I ' I ' 1 ' I ' I ' I ' I ‘ I ' I n ’7 ’T  I ' I ‘ I * I ' I ' I ' I ' I ‘ I ' I ‘ I ' I ' P p  F F  f > F' f  T'FTn' 
100%  C y c l o h e x a n e ,  2 - p r o p e n y l -  SS CAS 2 1 1 4 - 4 2 - 3
f T l i * !  i p  | ' f |  I  j 1 1 1 1  11 11 11 ■ I n  n  n  I | « 11 - |  r  ; r  11 I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '  I '
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0
F o r m u l a  C 1 0 .H 2 0 .O  R a n h  1  I n d e x  2 6 9 3 2
M o lW e ig h t :1 5 6  S e a r c h : A l l  L o c a lM o rm :O n  P : S 5 1  F : 6 8 4  R : g E g  CAS# 1 8 4 7 9 - 5 2 - 2
Figure C-1 Library Search lOmL Effluent A15-0,1 (Na^) (molecular weight=156)
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L ib r a r y  S e a rc h  E ‘-SEMER039 A c q u ire d : 04 Ju n  2004 S can  num ber 435
Comment: SYLVESTER'S EXTRACT (~10ML) AISCO.DNA EFLUENT
1M%
n Y'"!'"' l ' i'"' i ■'r 1 1 m ■ i ' i ■ r ' i ' i ' i q i n T'~i ' r n n 'n  T  n ~p"i ■ i ' i
100%  C y c l o p e n t a n e .  1 - e t h y 1 - 1 - m e t h y I -  S S  CAS 1 6 7 4 7 - 5 0 - 5 *
n ' l ' n  <7 “i- n T r  i" i 1 1 1 11 m  ' i ' i ' I ' i ' I ' i ' i ' i < i ' r  ' i ' i ' ] '" i  '• i m  ■ i ' i ■ i ' i ' I ' i 
100%  C y c l o h e p t a n o l . 2 - m e t h y l e n e  SS CAS 1 6 2 4 0 - 3 8 - 3
jL
I ' T f  r n " ' "  I ' 1 '■) ’" I " '  I ' I ' I ' I ' I ' I '  I ''' I ' I n '  ' I ' I ' I '"I T " i " r y n '
100%  C y c l o p e n t a n e .  1 - e t h y 1 - 1 - m e t h y 1 -  SS CAS 1 6 7 4 7 - 5 0 - 5
f  t '"n rn  ' r' pT'n"'' i ' i ' i ' i ' i ' i ■ i ' i ' i '" i > i ' i ' i ' i ' i ' i > i ' i ■ i > i ' i > i ' i '
6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0
F o r m u l a  C 8 .H 1 6  R a n k  3  I n d e x  6 6 2 6
N o l U e i g h t : l l 2  S e a r c h : A l l  L o c a lM o rm :O n  P : 7 1 6  F : 7 2 4  R : 3 g a  CAS# 1 6 7 4 7 - 5 0 - 5
Figure C-2 Library Search lOmL Extract A15-0,1 (Na^) (molecular weight=l 12)
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L i b r a r y  S e a r c h  E :SE N ER B 39 A c i^ u i r e d  : 0 4  J u n  2 0 0 4  S c a n  n u m b e r  5 3 4
C o m m e n t: SY LV ESTER 'S EXTRACT C IB M L ) A IS C O .D N A  EFLUENT
1 0 0 2  C y c l o h e x e n e ,  3 - c h l o r o -  $ $ CAS 2 4 4 1 - 9 7 - 6  »
• I'l'i'i'i'i'n'inrr'i
100%  C y c l o h e x e n e .  3 - c h l o r o -  $ $ CAS 2 4 4 1 - 9 7 - 6
-i1 |^H|ifi'li I i|)'|i| I |i|i 11| I |i |i| 11 i|i|i | i |i | I | i |i | 'I' I' I'l' I 'I'l M 'I' I' I 'I 'I 'I'l ' I M'l'l ' Ml' I ' I ' M I'l'i M H ' I 'I'l'i 'I ' 
100%  C y c l o p r o p a n e .  1 - c h 1o r o - 2 - ( 1 - p r o p e n y D -  $ $  CAS 7 4 7 5 2 - 9 4 - 6
'*i I I h ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' Ii|i| i|i|i|[| i| i| i| i|i|i|i|i|i| i|i|i|i|i|ip|i|i[i7 i|ip|i| i|iTTp p7i|i| i|i|i|i|i|i
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
F o r m u l a  (% .H 9 .C 1  R a n k  1 I n d e x  8 0 6 6
M o lW e ig h t :1 1 6  S e a r c h : A 1 1  L o c a lN o rm lO n  P : 8 1 7  F : 8 2 7  R : g g a  CAS# 2 4 4 1 - 9 7 - 6
Figure C-3 Library Search lOmL Extract A15-0,l (Na" )^ (molecular weight^l 16)
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L ib r a r y  S e a rc h  E :\EMER839 A c q u ire d : B4 Ju n  2084 S can  num ber 578
Comment: SYLVESTER'S EXTRACT (~10nL) A15(0,1)M A  EFLUENT100%
r rL 'Pvi'i'i'i'i'i'iM'i'iM'Tin'in'n’PTrr'i' 
100%  l H - I m i d a z o l e - 2 - c a r b o x a l d e h y d e  $ $  CAS 1 0 1 1 1 - 0 8 - 7 *
100%  l - P y r r o l i d i n e c a r b o n i t r i l e  $ $  CAS 1 5 3 0 - 8 8 - 7
Air | r ) [ i ‘ I i | T | i | i | i | i | i | i ( i | i | i | i | i | i | i | i | i | r | i | i | i | T | i | i | i | i | i | i | i | j | i | i { i | i | i | i | i | i | i | i { i | r | i | i | j | r | i | i i i | r | i | i | i | i | i | '  
100%  M e t h y l a m i n e ,  M - c y c l o p e n t y 1 i d e n e -  $ $  CAS 1 0 5 9 9 - 8 3 - 4
tV-T|‘r T T | r f T - i r p |T p r r n ' i | 'M I 'l ' | i | ' ' | i ( ' l ' l ' l ' l ' | ' l ' l ' l ' l ' | ' l ' I M 'M | ' ' l ' i n 'I T 'I T T T 'T T l ' ' 'n 'n ' ' I T 'l 'T ' 'r ' 'F r  
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
F o r m u l a  C 4 .H 4 .N 2 .0  R a n k  1  I n d e x  2 6 7 8
M o lW e ig h t :9 6  S e a r c h : A l l  L o c a lN o rm :O n  P : 7 1 0  F : 7 9 1  R : ] S 9 |  CAS# 1 0 1 1 1 - 0 8 - 7
Figure C-4 Library Search lOmL Extract A15-0,l (Na^) (molecular weight-96)
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L ib r a r y  S e a rc h  E :\EMER039 A c q u ire d :  04 Ju n  2004  S can  num ber 601
Comment: SYLVESTER'S EXTRACT (~10HL) A 15(0,1)M A  EFLUENT100%
' Mm I'l I'l I I'l I n'T'TTTp n n ri n i  q-q i, r, r] q rrn'T' [ ' I ' I ' I ' I qf I ' I ' IM T|
100%  1—P r o p e n e j  1 # 2 , 3 —t r i c h l o r o —, ( E ) ~  $ $  CA8 1 3 1 1 6 —5 8 —0 *
IrmfMri | T |  r | i ' | P l  | i  | |  | ‘ ^  i |  | |  1 1 1  | t  | i  1 1 1  I |  J |  I |  I | i  | t  i n  q  i |  I |  J {  I |  I I I |  I |  1 1 1 |  r | i ' | i  | I  1 1 |  I |  I |  I |  I | I  | I  | I  | I  1 1 |
100%  1 - P r o p e n e ,  1 , 2 , 3 - t r i c h l o r o - ,  ( Z ) -  $ $  CAS 1 3 1 1 6 - 5 7 - 9
I m  I ' 11M ’’I n n m  | ' i ■ i ' i ' i ' | ' i ' i ' i ' h i ' i ' i n n q 1 1 1 11 n  n n m ' i ' i ' i ' i n n n '] ' i ' im ' p p  i 
100%  1—P r o p e n e ,  1 , 2 , 3 —t r i c h l o r o — $ $  COS 9 6 —1 9 —5
t | T | r I rfi 11111‘*'| 1111 ' 11111 ' I ' I ' I ■ 111 ' I ' 1111111 ' 111 ' 11M I ' 111M 1111 M ■ 1111111 ' 1111111 ' I ' 111 ■ 1111111 '
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0
F o r m u l a  C 3 .H 3 .C 1 3  R a n k  1  I n d e x  1 9 6 3 2
N o l U e i g h t : i 4 4  S e a r c h : A 1 1  L o c a lN o rm :O n  P : 8 0 6  F : 8 6 3  R : 2 3 g  CA S# 1 3 1 1 6 - 5 8 - 0
Figure C-5 Library Search lOmL Extract A15-0,l (Na^) (molecular weight=144)
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L ib r a r y  S e a rc h  E :\EMER039 A c q u ire d  : 04  Ju n  2004 S can  num ber 723
Comment: SYLVESTER'S EXTRACT C ISM L) AISCO.DNA EFLUENT100%
1111 rfi I iripFFFn I ' 111111MI ' I ' I ' IM ' I ' I ' I ' PIT' p inn^n m-' i ' i ' i ' i ' i ' i ' i ' i 
100%  2 - C h l o r o c y c l o h e x a n o 1 $ $  CAS 1 5 6 1 - 8 6 - 0
- flVlflfit 'VI b I 111 n 11 ' I M ' 111M111 M I ' I M IM11111MI M 111 
100%  2 - C h  1 o r o c y c  1 o h e x a n o  1 $ $
Mi'i'i'i'i'i'i'i'i'i'i'i'i'i'Mi'i'iM'r 
CAS 1 5 6 1 - 8 6 - 0
i |  r |  i |  i |  I | i | i  | r  | i  1 1 |  
CAS 6 6 2 8 - 8 0 - 4100%  C y c l o h e x a n o 1 .  2 - c h l o r o - .  t r a n s -  $ $
5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0
F o r m u l a  C 6 .H 1 1 .C 1 . 0  R a n k  1  I n d e x  1 4 5 6 6
M o lW e ig h t :1 3 4  S e a r c h : A l l  L o c a lN o r m O n  P : 6 7 0  F : 7 3 9  R :@ E g | CAS# 1 5 6 1 - 8 6 - 0
Figure C - 6  Library Search lOmL Extract A15-0,l (Na^) (molecular weight=134)
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L ib r a r y  S e a rc h  E :\EMER039 A c q u ire d : B4 Ju n  2004  S can  num ber 772
Comment: SYLVESTER'S EXTRACT (~10HL) AISCO.DNA EFLUENT100%
A T ‘h " T ’T n ' ' ' i " h  ' D T ' I T  I I ' l  f  P  I ' l' i 11 ' 111  ' I 'T n ' f ' T i ' p  i T | T , i  11 f ' I ' I ' I ‘ I 0  
100%  C y c l o h e x e n e .  3 - c h l o r o -  $ $  CAS 2 4 4 1 - 9 7 - 6  »
r p i <Yn  I'l ''T' 111 ' p  I ' IT ' r n M ' 111 ' 111 ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' r
100%  C y c l o h e x e n e .  3 - c h l o r o -  $ $  CMS 2 4 4 1 - 9 7 - 6
p  I I'l q-i'i 1 1 1 1 f| 1 1111 f I [TP7 1  ii I'l I r 1 1 p 1 1 f 1 1 1 1 1 rn ' r  I ' I ' 1 1 1 ' I ' I ' ' 1 1 1 ' I ' I ' I ' 1  
100%  C y c l o p e n t a n e c a r b o x y l i e  a c i d ,  2 - m e t h y l e n e - ,  m e t h y l  e s t e r  CAS 1 1 0 5 5 0 - 9 8 - 6
|J |  1^ ,1») I ■ 1 1 I ' 11 I ' 11 I ' I ' I ' I ' I ' I ' I ' I ■ I ' I T  I ' I' ' I ' I ' I ' I ' 1 1 I M  ' *1
6 0  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  4 2 0  
'o r m u l a  C 6 .H 9 .C 1  R a n k  1 I n d e x  8 0 6 6
l o l U e i g h t : i l 6  S e a r c h : A 1 1  L o c a lN o rm :O n  P : 8 1 0  F : 8 2 5  R :g Q Q i  CA S# 2 4 4 1 - 9 7 - 6
Figure C-1 Library Search lOmL Extract A15-0,l (Na)  (molecular weight-116)
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L ib r a r y  S e a rc h  F i l e !  E:\EM ER839 D a te  : 04  J u n  2004  1 4 :4 3 : 4 j
Comment : SYLVESTER'S EXTRACT ("10ML) A 15(0 ,1)N A  EFLUENT
S c a n : 722  S e g : 1 G roup : 0  R e te n t io n :  1 2 .0 3  RIC: 18136 M asses : 5 1 -4 3 3
100%  2 - C h l o r o c y c l o h e x a n o 1 $ $
100%  S a m p le  m in u s  r a n k  1  l i b r a r y  e n t r y
IN T -
5 0 100 1 5 8 200 2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 5 05 0 0
Figure C - 8  Library Search lOmL Extract A15-0,l (Na^) (Sample minus rankl)
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BIBLIOGRAPHY
1. Van Leeuwen, F.X.R. Safe Drinking Water: the Toxicologist’s Approach, Food 
and Chemical Toxicology, 2000, 38, 851-858.
2. Dakin, H.D., Cohen, J.B. FR8 ; Dauffesne, M.; Kenyon, J. Antiseptic action o f 
substances o f the chloramine group. Royal Society (Great Britain) Proceedings of 
the Royal Society of London, 1916, 89, 232-251.
3. Curtis, M.; Johnson, E. Chlorine Disinfection, Water Treatment Primer, CE4124: 
Water Information Management, Civil Engineering Dept., Virginia Tech. 1998 
(http://www.cee.vt.edu/program areas/environmental/teach/wtprimer/wtnrimer.ht 
ml).
4. Tchobanoglous, G.; Burton, F. L.; Stensel, H. D.; Wastewater Engineering: 
Treatment and reuse 4* ed., Tata McGraw-Hill Publishing Company Ltd: New 
Delhi 2003. 1180-1196.
5. Lawrence, C.A.; Block, S.8 . Disinfection, Sterilization and preservation. Lea & 
Febiger: Philadelphia, 1968.
6 . Lenntech Home page, http ://www.lenntech.com/Biocides.htm (accessed May 
2004).
7. White, George Clifford, Handbook of chlorination and alternative disinfectants 
John Wiley & sons, Inc: NY, 1999.
8 . Schwartz, B., Researcher develops 1993 invention 1993 invention o f the year 
(http://www.findarticles.eom/p/articles/mi pasa/is /ai 2961005996).
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9. http://www.swbic.org/education/env-engr/disinfection/disinfection.htm 1 (accessed 
in May 2004).
10. Nakamura, Y. High Polymers Containing Free Functional Groups VII. Resins 
Containing Sulfoamide, Sulfochloramide or Sulfodichloramide Group. J. Chem. 
Soc. Japan, Ind. Chem. Sect. 1954, 57, 818. Chem. Abstr. 1955,5 8 ,10661g.
11. Emerson, D. W.; Shea, D. T.; Sorenson, E. M.; “Functionally Modified 
Poly(styrenedivinylbenzene). Preparation, characterizations, and Bactericidal 
Action” 7nJ. Eng. Prod. Res. Dev.; 1978, 77(3), 269.
12. Emerson, D.W. Polymer-Bound Active Chlorine: Disinfection o f Water in a Flow 
System. Polymer Supported Reagents. 5, Ind. Eng. Res. 1990,29, 448-450.
13. Bogoczek, R.; Kociolek-Balawejder, E.; “N-monohalogeno- and N,N-dihalogeno- 
poly(styrene-co-divinylbenzene) sulfonamides (P~S0 2 NXNa, P -SO 2NX 2)”, 
Polym. Commun. 1986, 27, 286.
14. Bogoczek, R.; Kociolek-Balawejder, E. Cation Exchangers having chlorinating, 
oxidative and bacteriological properties. Vysokomol. Soedin. Ser. A. 1987, 29, 
2346. Chem. Abstr. 1988,108, 38845.
15. Emerson, D.W.; Grigorian, C.; Hess, J.W.; Zhang, Y. Probing the structures o f 
redox polymers. React & Funct. Polym. 1997,33, 99-101.
16. Bogoczek, R.; Kociolek-Balawejder, E.; Willmann-Cholewinska, M. 
[Disinfecting Properties o f N-Halogeno- and N,N-Dihalogenoasulfonamide 
Resins Being in Contact with Natural River Water] Polish J. Appl. Chem. 1995, 
39(3), 451-458.
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17. Bogoczek, R.; Kociolek-Balawejder, E. Studies on a macromolecular 
dichloramine-the N,N-dichloro poly(styrene-co-divinylbenzene)sulfonaniide. 
Angew. Makromol. Chem. 1989,169, 119.
18. Chen, Y.; Worley, S. D.; Kim, J.; Wei, C. L; Chen, T-Y.; Santiago, J. L; 
Williams, J. P.; Sun, G.; Biocidal poly(styrenehydantoin) beads for Disinfection 
o f Water, Ind. Eng. Chem. Res. 2003, 42, 280 -  284.
19. Emerson, D.W.; Polymer for Removal o f Free and Combined Active Chlorine and 
Active Bromine from Water. Sulfonamides Derived from Styrene-Divinylbenzene 
Copolymers. Polymer Supported Reagents. 4, Ind. Eng. Chem. Res. 1988, 27(10), 
1797-1802.
20. Emerson, D.W.; Ifalade, S.O.; Polymer-supported reagents for disinfection o f 
water. Manuscript in preparation, 2003.
2\. Standard Methods for the Examination of Water and Wastewater, 2(f  ^ ed., 
Clesceri, L. S.; Greenberg, A. E.; Eaton, A. D., Eds.; American Public Health 
Association, American Water Works Association, Water Environment 
Association: Washington, DC: 1998, 4-61.
22. Kunin, R. Ion Exchange Resins, 2nd ed.; Wiley: New York 1958 p 341 ff.
23. http://www.camd.lsu.edu/msds/s/sulfamic acid.htm#Toxicity (accessed in July 
2004)
24. Earth Summit Watch Home Page, http://www.earthsummitwatch.org/cwrtow.html 
(accessed in June 2004).
92
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25. Sobsey, M.D. World Health Organization, Storage and Treatment o f  Household 
Water, http://www.who.int/water sanitation health/dwq/wsh0207/en/index3.html 
(accessed in June 2 0 0 4 ) .
26. National Primary Drinking Water Standards'. 2 0 0 3 ;  EPA 816-F-03-016; U.S 
EPA, Office o f Water (4606M) www.epa. gov/safewater (accessed in June 2 0 0 4 ) .
27. Soeldner, A.; “Insight Microscopy Services, Monmouth, OR,” 1985.
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Graduate College 
University o f Nevada, Las Vegas
Sylvester Ojo Ifalade
Local address;
1173 Maryland Circle, Apt. 4 
Las Vegas, NV 89119-7512
Home address:
26A, Idiegbudodo Street 
Ikpena quarters 
Ososo
Akoko-Edo L.G.A.
Edo state Nigeria.
Degree:
Bachelor o f Science Education, Chemistry, 1991 
Bendel State University, Ekpoma; (Abraka Campus) Nigeria
Special Honors and Awards:
Graduate Assistant Excellence in Teaching Award for Chemistry; University o f 
Nevada, Las Vegas 2004
Thesis Title:
Polymer-Supported Reagents for Disinfection o f Water
Thesis Examination Committee:
Chairman, Spencer M. Steinberg, Ph. D.
Co-Chairman, David W. Emerson, Ph. D.
Committee Member, Vernon F. Hodge, Ph. D.
Graduate Faculty Representative, David E. James, Ph. D.
94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
